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Research in earth and atmospheric sciences has become
increasingly important in light of the energy, climate change,
and other environmental issues facing the United States and
the world. The development of new energy resources other
than fossil hydrocarbons, the safe disposal of nuclear waste
and greenhouse gases, and a detailed understanding of the cli-
matic consequences of our energy choices are all critical to
meeting energy needs while ensuring environmental safety.
The cleanup of underground contamination and the preserva-
tion and management of water supplies continue to provide
challenges, as they will for generations into the future. 

To address the critical energy and environmental issues
requires continuing advances in our knowledge of Earth sys-
tems and our ability to translate that knowledge into new tech-
nologies. The fundamental Earth science research common to
energy and environmental issues largely involves the physics,
chemistry, and biology of fluids in and on the Earth. To manage
Earth fluids requires the ability to understand their properties
and behavior at the most fundamental molecular level, as well
as prediction, characterization, imaging, and manipulation of
those fluids and their behavior in real Earth reservoirs. The
broad range of disciplinary expertise, the huge range of spatial
and time scales, and the need to integrate theoretical, computa-
tional, laboratory and field research, represent both the chal-
lenge and the excitement of Earth science research.

The Earth Sciences Division (ESD) of the Ernest Orlando
Lawrence Berkeley National Laboratory (Berkeley Lab) is com-
mitted to addressing the key scientific and technical challenges
that are needed to secure our energy future in an environmen-
tally responsibly way. Our staff of over 200 scientists, UC
Berkeley faculty, support staff and guests perform world-
acclaimed fundamental research in hydrogeology and reser-
voir engineering, geophysics and geomechanics, geochemistry,
microbial ecology, climate systems, and environmental engi-
neering. Building on this scientific foundation, we also perform
applied earth science research and technology development to
support DOE in a number of its program areas. We currently
organize our efforts in the following Division Programs: 

• Fundamental and Exploratory Research—fundamental
research in geochemistry, geophysics, and hydrology to
provide a basis for new and improved energy and envi-
ronmental technologies

• Climate and Carbon Sciences—carbon cycling in the ter-
restrial biosphere and oceans, and global and regional cli-
mate modeling, are the cornerstones of a major develop-
ing divisional research thrust related to understanding
and mitigating the effects of increased greenhouse gas
concentrations in the atmosphere

• Energy Resources—collaborative projects with industry
to develop or improve technologies for the exploration
and production of oil, gas, and geothermal reservoirs,
and for the development of bioenergy.

• Environmental Remediation and Water Resources— i n n o-
vative technologies for locating, containing, and re m e d i a t-
ing metals, radionuclides, chlorinated solvents, and ener-
g y - related contaminants in soils and gro u n d w a t e r s

• Geologic Carbon Sequestration—development and test-
ing of methods for introducing carbon dioxide to subsur-
face geologic reservoirs, and predicting and monitoring
its subsequent migration.

• Nuclear Waste and Energy—theoretical, experimental,
and simulation studies of the unsaturated zone at Yucca
Mountain, Nevada. 

These programs draw from each of ESD’s disciplinary
departments: Climate Science, Ecology, Geochemistry,
Geophysics, and Hydrogeology. Short descriptions of these
departments are provided as introductory material. 

In this document, we present summaries of selected current
research projects. While it is not a complete accounting, the
projects described here are representative of the nature and
breadth of the ESD research effort. We are proud of our scien-
tific accomplishments and we hope that you will find this
material useful and exciting. A list of publications for the peri-
od from January 2006 to June 2007, along with a listing of our
personnel, are also appended. Any comments on our research
are appreciated and can be sent to me personally.
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OUR ORGANIZATION
Management (and Name) Changes
In November 2007, the Earth Sciences Division (ESD) wel-

comed its new Director, Don DePaolo. A professor at UC
Berkeley in the Earth and Planetary Science Department, Don
is also the long-time head of the Center for Isotope
G e o c h e m i s t r y, as well as ESD’s former Geochemistry
Department Manager. Consequently, he was no stranger to
ESD and knew what was in store for him. To quote his words
at his first Town Hall meeting with the entire ESD staff, “So far
it’s been fun!” and we hope the fun continues. Ernie Majer,
who had stepped in as the Acting Division Director in
November 2006, gladly handed over the reigns (and a new
management team) to Don. 

In early 2006, in keeping with the rotational nature of the
Department Head role, Curt Oldenburg was succeeded by
Stefan Finsterle for the Hydrogeology Department, and Mark
Conrad took over the Geochemistry Department from Don
DePaolo. In the summer of 2006, Jim Berryman was hired to
assume the Geophysics Department Head role from Ernie
Majer. By April 2007, Bill Collins was hired to lead the new
Climate Science Department. In addition, the Geologic Carbon
Sequestration Program was formed, led by Larry Myer and
Curt Oldenburg. Finally, in the fall of 2007, Ernie Majer
assumed full Program Head responsibilities for Energ y
Resources. Also note that since the beginning of 2006, there
have been slight changes to the Division Program names,
which are reflected in the Organizational Chart (p. ii).

For more information on Berkeley Lab’s org a n i z a t i o n ,
please visit http://www.lbl.gov.

OUR SAFETY CONSCIOUS
WORK ENVIRONMENT

The ESD approach to safety includes Berkeley Lab’s
Integrated Safety Management model. This model identifies
the individual employee as the first person accountable for his
or her own health and safety, assisted by a Division Safety
C o o rd i n a t o r, who in turn works with a Berkeley Lab
Environmental Health and Safety Liaison, to maintain an open
line of communication with Berkeley Lab's Environmental
Health and Safety Division. Because ESD has a matrixed struc-
ture, the employee works with both supervisors and principal
investigators to identify, manage, and elevate issues to the ESD
Safety Coordinator, Department Head, and Division Director.
Additionally, the ESD Safety Committee meets regularly to dis-
cuss ESD and Berkeley Lab issues. 

In November 2007, Vassiliki “Vivi” Fissekidou was
appointed as the new ESD Safety Coordinator and the Chair of
the ESD Safety Committee. The ESD Safety Committee also
implemented a 3-year-service rotation for its members. The
members include representatives from each ESD department,
as well as additional members that represent specific work
environments (laboratories, field work on land and at sea, com-
putational activities, etc.). 

Safety will always be a top priority for ESD. We attribute
the success of our safety program to all our staff, which has
been very cooperative and pro-active in resolving safety issues,
providing suggestions on improvements to safety practices,
and implementing changes that result in a safer work environ-
ment. For more information about ESD’s Health and Safety
program, visit http://www-esd.lbl.gov/ESDEHS/index.html

TECHNOLOGY TRANSFER
Over the past two years, ESD has partnered effectively with

Berkeley Lab’s Technology Transfer Department to license soft-
ware/codes and secure patents (as appropriate) for ESD-devel-
oped technologies. We have also earned accolades!

Licenses—The Division successfully licensed several of its
software codes, such as Tough-Fx and Tough-Fx / Hydrate
Software and EM2D_INV. These codes and others are available
for purchase by contacting Berkeley Lab’s Technology Transfer
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Department. The Tough Family of Codes and information on
p u rchasing these codes can be found at http://www-
esd.lbl.gov/TOUGHPLUS/. ESD is continuing to identify and
develop more technologies that can be licensed. To learn more
about Earth Sciences and Berkeley Lab’s available licensed
technology, go to http://www.lbl.gov/Tech-Transfer/

A c c o l a d e s—In 2007, the R & D Magazine's 100 To p
Technologies award, also known as the “R&D 100 Awards”
went to the Berkeley Unexploded Ordnance Discriminator, devel-
oped by (among others) ESD’s Frank Morrison, Erika
Gasperikova, Alex Becker, and J. Torquil Smith. In 2006, the
award was given to The Carbon Explorer, developed principally
by ESD’s Jim Bishop.

A DIVERSE WORKFORCE
One of ESD’s primary goals is to create a supportive envi-

ronment to attract, nurture, and retain the most qualified and
diverse workforce, including under-represented group mem-
bers. Along with Berkeley Lab’s Workforce Diversity Office
and the Center for Science and Engineering Education (CSEE),
we continually evaluate and identify the necessary tools to
support and enrich our workforce. Erika Gasperikova serves as
the Chair of the ESD Diversity Committee and is the
Representative of LBNL’s Best Practices Diversity Council. 

WRITING TRAINING AND DEVELOPMENT
In support of employee development and training, ESD

was very fortunate to have in-house experts who have volun-
teered to share their experience and knowledge regarding writ-
ing in a scientific environment. One of these courses, was pre-
sented by fellow scientists, Karsten Pruess and Yu-Shu Wu sev-
eral years ago, with much interest. In 2007, we presented the
return of Karsten and Yu-Shu for “Science Writing” and added
another course offered by ESD's Technical Writer/Editor, Dan
Hawkes on “The Art of Science Writing.”

FACILITIES/CENTERS 
Center for Computational Seismology
The Center for Computational Seismology (CCS), which

focuses on geophysical computing re s e a rch, maintains a state-of-
the-art computing environment in support of various seismolog-
ical and geophysical re s e a rch programs, in particular the devel-
opment of new methods for imaging the subsurface and its
p rocesses, and methods for visualizing results. A wide variety of
modern software and hard w a re is developed and maintained to
support this high-level re s e a rch. In addition to the many “in-
house”-developed codes (three-dimensional modeling, forward
and inverse codes, etc.), we use a wide variety of commerc i a l l y
supported packages, including CogniSeis Focus (interactive 3-D
seismic processing), Baker-Atlas SEISLINK (VSP and cro s s w e l l

imaging), GeoQuest GXII (interactive raytrace modeling for sur-
face and borehole data), Lynx (geologic modeling), Earthvision
(Dynamic Graphics) AVS (3-D visualization), and the complete
P romax/Landmark processing and modeling software. These
packages provide a powerful modeling base upon which we
build our specialized codes.

Our facilities support re s e a rch focused on subsurface imag-
ing, using active and passive sources at scales ranging fro m
meters to whole-Earth dimensions. Research activities include
the processing and interpretation of vertical seismic pro f i l e s
(VSP) for fracture detection and fault delineation, induced seis-
micity associated with energy re s o u rces, seismic re f l e c t i o n
imaging, single well and crosshole seismic profiling for 2-D and
3-D imaging, fracture detection between wells, and pro c e s s-
ing/analysis of micro-earthquake data for imaging of geother-
mal fields. The hard w a re facilities include multiple Exabyte
tape drives, over 8000 Gbytes of hard drive storage, a 24-inch
color Versatec plotter, a 36-inch HP color plotter, and multiple
X-terminals and workstations. We have recently upgraded our
computer system to the new SUN series 4-CPU server, with10
GByte of memory and 4 Tera bytes of disk. We also re c e n t l y
a c q u i red a “pc cluster” with 256 nodes (2 cpu per node) at 3.6
GHz and 4 Gbyte memory per node. In addition, the CCS facil-
ity is linked to the National Energy Research Superc o m p u t i n g
Center at Berkeley Lab, which hosts a variety of superc o m p u t-
ers available for use.

Geosciences Measurement Facility

ESD field work is supported by the Geophysical
M e a s u rements Facility (GMF), a DOE-supported facility
designed to develop and maintain a variety of geophysical and
geoscience instrumentation and measurement equipment. For
example, re s e a rch on piezoelectric sources and borehole sensor
arrays, as well as high-frequency seismic re c o rding, has been
supported by GMF for over 10 years. GMF is the focal point for
an extensive inventory of complex scientific equipment used for
Berkeley Lab projects, with responsibility for the maintenance,
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upgrading, training, and field operations of this hard w a re. GMF
will allow for management of the full complement of sophisti-
cated field instrumentation and associated support vehicles nec-
essary to test and develop a piezoelectric multisource phased
a r r a y. GMF maintains a state-of-the-art multidisciplinary field
i n s t rumentation facility in support of various enviro n m e n t a l ,
geophysical, and hydrogeological re s e a rch programs at Berkeley
Lab. This facility also assists in development of new instru m e n-
tation and field methods for investigating the subsurface and its
p rocesses by providing professional in-field technical support
for scientific staff and management of the complex and varied
field studies re q u i red in scientific re s e a rch programs. The GMF
includes electronic and mechanical technicians and shop facili-
ties, field support vehicles, (including wireline and re c o rd i n g
t rucks), and a three borehole test facility.

Center for Environmental Biotechnology
The core microbiology facility of LBNL is in the Center for

Environmental Biotechnology, located in Building 70 and 70A.
The seven-laboratory unit occupies a total area of 5,290 ft2. The
laboratories are set up for Class II, Type A/B3 molecular- and
microbiology work. Level 1 quality and safety assurance proce-
dures are in place. The following work-specific equipment and
instruments are available in the laboratories:

• Lietz Laser Con Focal Microscope with digital imaging.
• 5 SterilGARD II 6-foot vertical laminar-flow, biological

safety cabinet (Baker);
• 4 Fermantic 5L Extreomophile bioreactors;
• 2 Fairmentec 3L Extreomophile bioreactors
• 2 Avanti J-25 high performance centrifuge (Beckman);
• DU 640 UV/VIS scanning spectrophotometer (Beckman);
• 4 Ultra-low temperature freezer (Revco);
• 2 Axioskop RLF for DIC, phase contrast, epifluorescence,

microphotography (Zeiss);
• Integrated SpeedVac (Savant);
• Electroporator;
• Affymetrix Microarray Systems;
• BioRad MyiQ RT-PCR system
• 2 GeneAmp PCR system 9700 (Applied Biosystems)
• Model 600 PCR Workstation Hood (AirClean)
• QuantityOne Gel Documentation System (BioRad)
• Nanodrop model ND 1000 Spectrophotometer
• Nanodrop model ND 3300 Fluorospectrophotometer
• Model 5415-R refrigerated bench top centrifuge

(Epindorf)
• FastPrep 120 Bead mill homogenizer (Bio101)
• Dual 96-well tissue homogenizer (Qiagen)
• 3 Coy double wide anaerobic chambers with incubators;
• GeneAmp PCR system 9600 (Perkin-Elmer);
• Expedite 8909 DNA synthesizer (PerSeptive Biosystems);
• Model 377 ABI Prism automated DNA sequencer (Perkin

Elmer);

• CHEF DRII pulsed field electrophoresis equipment
(Bio-Rad)

• OmniLog Phenotypic Microarray Systems
• MIDI identification system (Hewlett Packard);
• High sensitivity MSD mainframe for the HP 6890 GC

(Hewlett Packard).
• BIOLOG microbial identification system (BIOLOG);
• Environmental shakers with photosynthetic light banks

(New Brunswick);
• Columbus Instruments Microrespirometer 

(H, H2S, CO2, CH4, O2)
• Alliance HPLC system with a 996 photodiodphotodiode

array detector and a 474 scanning fluorescence detector
(Waters).

• Dionex 2000 Ion Chromatograph
• Sonicator with microprobe
• 1D Gel electrophoresis set up
Other necessary support equipment and installations are

also available, such as autoclave, DI-water, refrigerators, freez-
ers for low temperature storage of temperature sensitive mate-
rials, balance, ice-maker, shakers, incubators, magnetic stirrer,
hotplates, microcentrifuges, computers, different electrophore-
sis boxes and power supplies, chemical fume hoods. The core
facility has access to the Environmental Measure m e n t
Laboratory at LBNL.

For more information concerning the Center for
E n v i ronmental Biotechnology Core Facility, please contact
Terry Hazen, phone: 510-486-6223, e-mail: TCHazen@lbl.gov

Soil and Rock Properties Laboratory
At Berkeley Lab’s Soil and Rock Properties Lab, electrical

resistivity, ultrasonic wave propagation, and hydraulic con-
ductivity can be measured in a triaxial cell equipped to meas-
ure all these parameters simultaneously. Confining and axial
stresses are set independently to represent in situ states of
stress. The cell is designed to handle samples from 3-inch-
diameter Shelby tubes, using sample transfer techniques devel-
oped from geotechnical practice. The sample is jacketed with a
flexible membrane, either latex, viton or teflon, depending on
the sample texture and fluid composition. Sample length is
determined by considerations of ultrasonic wave attenuation
and the extent of stratification of the core. Typically, samples of
a p p roximately 5 cm lengths are used, although diff e re n t
lengths can be accommodated. The advantage of making these
measurements simultaneously on the same sample is that dis-
turbance from sample transfer between test cells, a particular
concern for unconsolidated samples, is avoided. The endcaps
of the test cell contain 1 MHz piezo-electric crystals for P- and
S-wave transmission and receiving, flow ports, and pressure
ports. Porous aluminum plates between the sample and the
endcaps provide even flow distribution over the sample cross
section. Both faces of the aluminum plates are gold coated.

Earth Sciences Division
Berkeley Lab

Research Summaries
2006-2007

5

Operations & Facilities



Electrical resistivity is measured by the four-electrode tech-
nique. Electrical current is driven through the outside faces,
and voltage drop is measured from the inside faces; a GenRad
1692 RLC Digibridge supplies current and measures voltage
drops at five test frequencies varying from 100 Hz to 100 kHz.
P-wave and S-wave propagation (velocity and attenuation) is
measured by the pulse-transmission technique.

Voltage pulses are generated by Cober Model 605P H i g h
Power Pulse Generator (Cober Electronics, Stamford,
Connecticut), and data are acquired via a 40 MHz Gagescope data
acquisition board (Gage Applied Sciences Inc., Montreal, Quebec)
installed in a PC. Hydraulic conductivity is measured either by
the constant head method for more permeable samples, or by the
falling head method for tighter samples. Diff e rential pre s s u re
a c ross the column is measured with variable reluctance transduc-
ers (Validyne, Northridge, CA). When possible, site water is used
for the hydraulic conductivity measurements to avoid dispersion
of clays. Otherwise, test water is generated based upon a chemical
analysis of the site water. In addition to the above facilities, a high-
resolution x-ray facility (linear x-ray and CAT scan) and an NMR
imaging facility enables detailed core studies and simultaneous
flow and transport studies. Further capabilities are provided by
linking these studies with ultra-high-resolution tomographic
work at Berkeley Lab’s Advanced Light Sourc e .

For more information on CCS, GMF, or the Rock Lab, please
contact Ernest L. Majer, phone: 510-486-6709, elmajer@lbl.gov

Center for Isotope Geochemistry 
The Center for Isotope Geochemistry (CIG), Lawre n c e

Berkeley National Laboratory, and Department of Geology and
Geophysics, University of California, Berkeley, is directed by
Prof. Donald J. DePaolo. The Center includes six analytical
facilities: stable isotope and noble gas isotope laboratories; a
soil carbon laboratory; an analytical chemistry laboratory; the
Inductively Coupled Plasma Multi-Collector Magnetic Sector
mass spectrometry laboratory, and a thermal-ionization mass
spectrometry laboratory located on the UC Berkeley campus.
We also have an affiliation with the cosmogenic isotope labora-
tory in UC Berkeley’s Space Sciences Laboratory. These facili-
ties provide state-of-the-art characterization of all types of
earth materials for research throughout the department and
elsewhere in ESD. The instrumentation and laboratories are an
integral part of the Center's focus on new ways to use isotopic
ratio methods to study fundamental earth processes and envi-
ronmental and energy problems of national interest.

Summary of Research Areas 
and Programmatic Applicability
The research we pursue is ultimately guided not only by

the needs of advancing basic energy science (BES), but by

applicability to other basic and applied programs within the
DOE mission—nuclear waste management (NW), environ-
mental remediation science (ERSP), fossil and geothermal ener-
gy resources (FE, GE), climate change and carbon management
(CCC), and security.

1. Basic geochemistry (BES)
• Dissolution, precipitation, ion exchange and transport in

natural systems
• Isotopic probes of micro- and nanoscale material pro p e r t i e s
• Geochronology
• Isotopic variations in nature due to chemical and nuclear

processes
• Volcanic processes and volcano monitoring
• Reactive transport: conceptual and numerical models,

isotopic effects

2. Groundwater processes
• Field-scale characterization of groundwater systems—

flow velocities, effective permeabilities, infiltration rates
(ERSP, NW)

• Mineral-fluid reaction rates in fluid-rock systems (ERSP,
NW, FE, GE)

• Isotopic monitoring of subsurface remediation (ERSP)
• Isotopic diagnostics for subsurface chemical processes

(ERSP, NW, FE, GE)
• Isotopic diagnostics and phase partitioning tracers relat-

ed to geologic sequestration of carbon (FE, CCC)

3. Hydrothermal systems
• Reservoir characteristics, water and heat sources 

(GE, NW)
• Relations between volcanism and geothermal potential,

volcanic hazards (GE)

4. Sedimentary basin hydrology
• Characterizing geological structure and reservoir proper-

ties (FE, ERSP)
• Tracing fluid flow (FE, CCC)
• Sourcing hydrocarbons (FE)

5. Isotopic climate records (GCC, NW)

For more information concerning the Center for Isotope
Geochemistry, please contact: B. Mack Kennedy, Center for
Isotope Geochemistry, phone: 510-486-6451, e-mail:
bmkennedy@lbl.gov
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The Hydrogeology Department (HD) consists of more than
50 scientists, postdocs, re s e a rch associates, and graduate students
carrying out a broad range of cutting-edge re s e a rch in fundamen-
tal and applied hydro g e o l o g y. HD has expertise in theore t i c a l ,
experimental, field, and modeling approaches in a variety of
re s e a rch areas, among which are unsaturated zone and fracture d
rock hydro l o g y, reservoir engineering (geothermal, gas, oil, and
hydrates), CO2 sequestration and nuclear waste isolation, con-
taminant hydro l o g y, and coupled nonisothermal, geochemical,
and geomechanical processes. Highlights of re s e a rch efforts in
these areas over the last two years include the following:

SUBSURFACE ENERGY RESOURCE RECOVERY
Researchers in HD are studying ways to enhance produc-

tion of energy from subsurface reservoirs containing methane
gas hydrates, geothermal energy, and traditional oil and gas
resources. In the area of methane hydrates, HD scientists are
carrying out a sustained laboratory campaign to uncover fun-
damental properties of methane hydrates, such as dissociation
kinetics and constitutive models, which can be incorporated
into the world’s leading methane hydrate simulator,
TOUGH+Hydrate. More o v e r, numerical simulation studies
and laboratory experiments were conducted to examine the
geomechanical behavior of hydrate-bearing sediments. The
potential for significant methane releases from oceanic sedi-
ments caused by hydrate dissociation in response to climate
change has also been investigated.

Continuing the long tradition of geothermal research in the
ESD, staff members in HD are investigating reactive geochem-
istry in geothermal reservoirs, to devise ways to avoid mineral
scaling and maintain injectivity without inducing short-circuit-
ing flow paths. This effort is undertaken using TOUGHREACT,
the reactive geochemical simulator developed by HD
researchers. HD scientists performed the first quantitative
analysis of a novel concept for producing geothermal energy
that would use carbon dioxide instead of water as heat trans-
mission fluid, and would accomplish geologic storage of CO2
as an ancillary benefit. CO2 was shown to achieve approxi-
mately 50% larger heat extraction rates than water.

In collaboration with re s e a rchers in the ESD Geophysics
Department, HD staff confirmed that viscous fluid flow cre a t e s
anomalies at low seismic frequencies that can be used to image
oil reservoirs. By this method, re-analysis of 3-D seismic data,
using frequency-dependent approaches, has revealed hydro c a r-
bon-rich layers where none was detected by standard analysis. 

SUBSURFACE REMEDIATION
HD researchers address national and international needs

for subsurface contaminant characterization and remediation
across the spectrum of approaches. In the lab, HD researchers
are investigating some of the nation’s most critical subsurface
contamination issues, including the chemical evolution of
highly alkaline Hanford tank waste, reduction, re-oxidation,
and diffusion of uranium (U)VI in sediments, hydraulic prop-
erties of unsaturated gravels, and the natural production of
transport-enhancing mobile nanoparticles in the subsurface. 

Advances in subsurface characterization are expected to
follow from HD’s work on joint hydrologic and geophysical
inversion. Specifically, the approach aims at identifying soil
structure, flow and transport properties, and the system state
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by jointly estimating hydrogeological, petrophysical, and geo-
statistical parameters, using hydrological, thermal, biogeo-
chemical, and geophysical data. Geophysical models for simu-
lating ground penetrating radar and electrical re s i s t i v i t y
tomography have been implemented in the iTOUGH2 non-
isothermal multiphase flow and transport simulation and opti-
mization code, enabling us to jointly invert complementary
data sets. The approach has been studied extensively using
synthetic data, and has been applied to field data at contami-
nated sites, including those at Hanford and the Savannah River
Site

GEOLOGIC CO2 STORAGE
HD re s e a rchers are involved in a wide range of eff o r t s

involving field pilot tests, laboratory work, simulation and
modeling of coupled CO2 flow and transport processes, and
risk assessment. Theoretical and modeling accomplishments
aim at answering fundamental questions about the effects of
C O2 injection on hydrological, geochemical, and geomechanical
conditions in a potential storage formation. Field pilot tests of
C O2 injection were performed that included tracer tests, sam-
pling, and geophysical surveys. Numerical simulations were
used to design and analyze these tests. Field measurements of
C O2 flux using eddy covariance and accumulation chamber
methods were employed to examine the possibility of detecting
potential leakage from CO2 storage sites. These field tests were
complemented with theoretical and modeling studies. System-
level modeling tools were employed to evaluate the feasibility
of carbon sequestration with enhanced gas re c o v e r y.

NUCLEAR WASTE DISPOSAL IN THE 
UNSATURATED ZONE

The motivation for HD’s extensive effort in unsaturated
zone hydrology and coupled processes is stimulated by the

need to understand flow and transport in the unsaturated zone
at Yucca Mountain, Nevada. Research by HD scientists in this
p rominent area includes infiltration and seepage, coupled non-
isothermal and geomechanical effects, and transport of
radionuclides. The decade-long contributions of ESD and HD
s t a ff to the understanding and characterization of the hydro l o g-
ical, thermal, and geochemical conditions at Yucca Mountain
(both before and after waste emplacement) are reflected in the
technical reports and publications that support the license
application to the Nuclear Regulatory Commission. The expert-
ise gained in conceptualizing complex systems and phenomena
in unsaturated fractured rock, and the related modeling, labora-
t o r y, and field testing, is increasingly applied to nuclear waste
p rograms in other countries, as well as to other characterization
and radionuclide transport problems in the U.S. 

FUNDING
Funding for HD comes primarily from the U.S. Department

of Energy, including: the Director, Office of Science, Office of
Basic Energy Sciences, Division of Chemical Sciences,
Geosciences, and Biosciences; the Director, Office of Science,
Office of Biological and Environmental Research; the Assistant
Secretary for Energy Efficiency and Renewable Energy, Office
of Technology Development, Office of Geothermal
Technologies; the Assistant Secretary for Fossil Energy, Office
of Coal and Power Systems and Office of Natural Gas and
P e t roleum Te c h n o l o g y, through the National Energ y
Technology Laboratory; the Dire c t o r, Office of Civilian
Radioactive Waste Management; and the Assistant Secretary of
the Office of Environmental Management, Office of Science
and Te c h n o l o g y, Environmental Management Science
Program. HD also receives funding support from the U.S.
Environmental Protection Agency. Other funding is provided
through the Laboratory Directed Research and Development
Program at Berkeley Lab.
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The ESD Geophysics Department is driven by two primary
objectives. One is to advance the state of the art in new tech-
nologies for extracting subsurface properties, including fluid
properties, saturation, porosity, pore pressure, permeability,
and in situ stress from laboratory and/or field measurements at
the earth surface or in boreholes. These new methodologies
incorporate information obtained using a variety of data,
including geophysical data such as seismic, electromagnetic
(EM), electrical, seismo-electric, gravity, ground-penetrating
radar (GPR), geomechanical (tilt, deformation), fluid flow
(pressure), and satellite (GPS). The other, equally important
objective is the development of technologies for subsurface
resource extraction, including seismically enhanced oil recov-
e r y, geomechanics-based subsurface permeability enhance-
ment, and unconventional hydrocarbon resource development,
such as gas hydrate and tight gas. 

Fundamental and applied research carried out in support
of these objectives include laboratory rock physics and pore-
scale imaging studies, field geophysical-imaging hardware
development, theory development, computational geophysics
as well as geomechanical modeling and analysis, together with
imaging and inversion (both deterministic and stochastic) algo-
rithm and code development. Motivating this research is the
increasing need for direct imaging of fluid saturations, pore
pressures, and permeability in the subsurface for energy pro-
duction, environmental remediation, carbon management, and
nuclear waste disposal purposes, and to do so in the presence
of anisotropy and multiscale heterogeneities. 

SCIENTIFIC RESEARCH AREAS
The department is organized into five scientific research
areas, led by the indicated Research Area Leaders:
• Computational Geophysics (Don Vasco)
• Rock Physics and Coupled Dynamics (Seiji Nakagawa)
• Hydrogeophysics & Biogeophysics (Susan Hubbard) 
• Advanced Geophysical Instrumentation (Tom Daley)
• Geomechanics (Jim Berryman)

The primary purpose of these research areas is to advance
the science that will enable new high-resolution methods for
extracting subsurface properties and process-related informa-
tion from geophysical, geomechanical, fluid-flow, and satellite
data.

Computational Geophysics (Don Vasco) 
The focus of this research area is to develop efficient 3-D

numerical codes for modeling seismic wave propagation and
electromagnetic wave propagation and diffusion. The chal-
lenge is to develop accurate and efficient computer codes capa-
ble of modeling the seismic and electromagnetic response of
complex geologic structures (i.e., structures that may contain
anisotropy or multiscale heterogeneities in the form of frac-
tures, faults, and/or patchy saturation). A variety of methods,
including boundary integral equation, global matrix, finite dif-
ference, spectral element, discrete element, and asymptotic ray
methods, are currently being developed for high-performance
parallel computing frameworks. These codes will serve as the
computational engines for the next generation of modeling-based
deterministic and stochastic inversion algorithms. This
re s e a rch is performed using the supercomputers at the
National Energy Research Scientific Computing Center
(NERSC) at Berkeley Lab, and the PC cluster maintained by the
Center for Computational Seismology (CCS) within ESD.

Rock Physics and Coupled Dynamics (Seiji Nakagawa)
The connections between a geophysical observable (such as

seismic velocities and attenuation, electrical conductivity, and
dielectric constant) and rock properties (such as porosity, per-
meability, and fluid saturation) are provided by rock-physics
measurements and/or theoretical understanding. Rock-prop-
erties measurement efforts are carried out at our Rock and Soil
Physics Lab. This facility has electronics instrumentation and
mechanical equipment needed to perform a variety of geo-
physical measurements, including seismic, electrical, electro-
magnetic, and fluid flow, under low to moderate confining
pressures. Experiments requiring detailed information about
the porous microstructure and fluid saturations at the pore
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level are carried out using our x-ray computed tomography
(CT) scanner in the Rock Imaging Lab, or using the focused ion
beam (FIB) located at Berkeley Lab’s National Center for
E l e c t ron Micro s c o p y. Other facilities at the Berkeley Lab
Advanced Light Source (ALS) are also used for microtomogra-
phy of geologic materials, including fluid-infiltrated porous
media. 

The primary focus of our laboratory efforts is towards incre a s-
ing our experimental knowledge base for geophysical pro p e r t i e s
of rocks and sediments that are either not well described by con-
ventional rock-physics understanding (e.g., poorly consolidated
sands and clays, gas hydrates, fractured rock) or have yet to be
fully exploited (e.g., seismic attenuation, seismo-electric
response). Complementary theoretical efforts are also under way
to explore the dynamics of poroelastic and seismoelectric re s p o n s-
es in rock that contains one or multiple fluid phases.  

Hydrogeophysics & Biogeophysics (Susan Hubbard)
Research in this area combines the disciplines of geo-

physics, hydrogeology, and biogeochemistry to develop new
approaches for characterizing shallow subsurface properties
and for monitoring complex processes associated with natural
or induced subsurface perturbations. This interdisciplinary
field is unique in the level of fusion among hydrobiogeochem-
ical-geophysical data sets, the incorporation of complex petro-
physical models, and the application of emerging stochastic
inversion techniques geared toward shallow subsurface sys-
tems. The majority of the research performed in this area is
focused on developing and testing methods that will improve
our ability to manage and monitor water resources and envi-
ronmental contaminants.

Advanced Geophysical Instrumentation (Tom Daley)
The focus of this research area is the development of inno-

vative geophysical hardware and methodologies for subsur-
face imaging and monitoring. Efforts that are currently under
way include the development of passive and active seismi sys-
tems for utilizing microhole technology, an optimum electro-

magnetic system for detecting and identifying unexploded
ordnance, and a novel electromagnetic imaging system (for
environmental applications) that operates in the frequency
band between electromagnetic diffusion and wave propaga-
tion. Additionally, development continues on a small-diameter
high-frequency orbital-vibrator shear source for crosswell and
single-well seismic imaging applications, high-re s o l u t i o n
tomographic (radar and seismic) tools, and micro-earthquake
monitoring systems.

Geomechanics (Jim Berryman)
This research area is concerned with the development of

new computational and analytical tools for predicting stress-
induced changes in transport properties, rock-formation frac-
turing, and fault slip resulting from fluid injection, fluid with-
drawal, and thermal loading. Of particular interest is the devel-
opment of new computational geomechanics-based inverse
methods for estimating subsurface fracturing and fluid move-
ment, for predicting the seismic response resulting from fluid
injection into fractured rock, and for relating seismic wave
propagation velocities to these properties for purposes of reser-
voir monitoring and/or hydrocarbon resource localization.

FUNDING
The Geophysics Department derives its funding from a

variety of U.S. Department of Energy (DOE) and non-DOE
sources. The primary sources of DOE funding are the Director,
Office of Science (Basic Energy Sciences and Biological and
E n v i ronmental Research), Office of Enviro n m e n t a l
Management, Fossil Energ y, Office of Geothermal
Technologies, Office of Civilian Radioactive Wa s t e
Management, the Environmental Protection Agency, and the
Berkeley Lab Laboratory Directed Research and Development
(LDRD) Program. Non-DOE funding sources include the U.S.
Department of Defense (SERDP and ESTCP), Shell Oil
Company, Exxon Oil Company, Chevron Energy Research and
Technology, and California Water Agencies.
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ESD’s Geochemistry Department has expertise in isotopic
geochemistry, reactive transport modeling, experimental min-
eral-water kinetics, molecular geochemistry and nanogeo-
science, soil geochemistry, marine geochemistry, global and
regional climate modeling, and mineralogy. The department
has four major thrust areas, as described below.

MOLECULAR GEOCHEMISTRY
AND NANOGEOSCIENCE

This effort involves fundamental studies on the nature of
the aqueous solution/mineral interface, the structure of solvat-
ed ions and colloids down to the nanometer scale, and the
properties and aggregation behavior of nanoparticles. Current
work includes: molecular-dynamics modeling of the interlayer-
solvated cations in clays, the aggregation dynamics of
nanoparticle iron oxides, and the structure of mineral interface
water; studies of the solvation environment of contaminant
and nutrient molecules in aqueous solution; determination of
the molecular identity and kinetics of formation of iron oxide
precipitates on quartz surfaces; and characterization of the sur-
face chemistry and structure of environmentally important
minerals using simulation, x-ray scattering, and x-ray spec-
troscopy. Many of the studies employ newly developed capa-
bilities such as synchrotron x-ray grazing-incidence methods,
and laser-based phase-sensitive nonlinear optical spectroscopy.
Studies of the aqueous behavior of organic species on mineral
surfaces and in solution, and on nanoparticle structure, are car-
ried out at Berkeley Lab’s Advanced Light Source as well as
other synchrotron sites. The group also does extensive collabo-
rative re s e a rch using the National Center for Electro n
Microscopy (NCEM) at Berkeley Lab and takes advantage of
the National Energy Research Scientific Computing (NERSC)
facility (also at Berkeley Lab) as well as other computational
sources for large-scale molecular dynamics and ab initio simu-
lations. Kinetics studies, mainly focusing on heterogeneous

p recipitation reactions, are also conducted
collaboratively with the National Science

Foundation Environmental Molecular Science Institute (NSF
EMSI) at Pennsylvania State University.

ISOTOPE GEOCHEMISTRY
The Center for Isotope Geochemistry (CIG) includes stable

isotope and noble gas isotope laboratories; a soil carbon labo-
ratory; an analytical chemistry laboratory; the Inductively
Coupled Plasma Multi-Collector Magnetic Sector mass spec-
trometry laboratory; and a thermal-ionization mass spectrome-
try laboratory located on the UC Berkeley campus. There is
also an affiliation with the cosmogenic isotope laboratory in
UC Berkeley’s Space Sciences Laboratory. The CIG facilities
enable state-of-the-art characterization of all types of earth
materials. The instrumentation and laboratories are an integral
part of the Center's focus on new ways to use isotopic ratio
methods to study fundamental earth processes, and environ-
mental and energy problems of national interest.

Examples of current re s e a rch programs are: (1) development
of models that use isotopic composition data from element pairs
in fluids to constrain fluid flow rates, water-mineral re a c t i o n
rates, and the geometry and spacing of fractures in rock matri-
ces; (2) development and application of noble gas isotopes as
natural tracers for fluid source and movement in hydro c a r b o n
and geothermal systems, and as induced phase-partitioning
tracers for monitoring geologic sequestration of CO2; (3) devel-
opment of techniques for dating Quaternary geological events
using U-Th-He; (4) use of U, N, and O isotopes to understand
subsurface contamination sources; (5) geochemical monitoring
and analysis of large-scale experiments simulating the effects of
n u c l e a r-waste heat generation within the proposed repository in
Yucca Mountain, Nevada; (6) the use of C, N, and O isotopes to
quantify in situ b i o remediation and monitor remediation; (7) the
use of carbon isotopes to quantify rates of organic carbon cycling
and storage efficiency in soils, the impact of climate change on
carbon cycling, and linkages between carbon, water, and nitro-
gen cycles; and (8) applications of hydrogen and oxygen iso-
topes to issues concerning the water cycle.
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GEOCHEMICAL TRANSPORT

This effort involves simulation and study of coupled miner-
a l - w a t e r-gas reactive transport in unsaturated porous media.
The work covers infiltration/evaporation processes in the soil
zone, reaction-transport processes in fractured rock under boil-
ing conditions, injection of CO2 in deep aquifers, hydro t h e r m a l
alteration in geothermal systems, the controls on the rates of
chemical weathering, and biogeochemical reaction networks in
l o w - t e m p e r a t u re environments. Although re a c t i o n - t r a n s p o r t
modeling and code development are the predominant activities,
the group is also active in planning the analysis and drilling
activities for underg round thermal experiments, laboratory
experiments focusing on the rates of water-mineral interaction,
and field studies of geothermal systems and natural analogues
for nuclear waste isolation. A new effort in this re g a rd applies
Lattice-Boltzmann models to reaction-transport processes at the
m i c roscopic scale. Efforts are also under way to understand the
scale dependence of mineral-water reaction kinetics using pore
network models. These new modeling efforts are being com-
bined with the world’s first experimental studies using engi-
n e e red microfluidic reactors to determine mineral-water re a c-
tion rates directly at the pore (mm) scale.

Much of the geochemical transport work is focused on pre-
dicting thermally driven processes accompanying the pro p o s e d
emplacement of high-level nuclear waste at Yucca Mountain,
Nevada, and on the understanding of the evolution of the nat-
ural hydrogeochemical system. One focus of this work is on
integrating the thermal-hydrologic-chemical environment in
the near field of the proposed Yucca Mountain repository with
THC processes occurring inside emplacement drifts, including
on the surface of the waste package (where corrosion is the
main issue) and inside the waste packages (where dissolution of
spent fuel is the main issue). Another focus is on understanding
the controls on chemical weathering. One such effort involves
integration of uranium-series isotopic disequilibria with major
element profiles to determine in situ reaction rates in deep-sea
marine sediments. Another involves understanding the contro l s
on, and rates of, formation of weathering rinds; this work has
demonstrated the key role of reaction-induced porosity change
in controlling the weathering rate. Collaboration with other
departments in ESD brings together essential pieces of the pro b-
lem, including hydrological processes in the unsaturated zone,
thermodynamics and kinetics of geochemical processes, and
isotopic eff e c t s .

C u r rent projects include: 
( 1 ) Analysis of geochemical and isotopic data from Yu c c a

Mountain to constrain models of flow and transport in the
unsaturated zone

( 2 ) Development of models for reactive-transport in unsatu-
rated systems and co-development of the re a c t i v e - t r a n s-
port code TO U G H R E A C T

( 3 ) I m p roved thermodynamic and kinetic databases for
w a t e r- rock interaction modeling

( 4 ) Research on natural analogue sites, including the
Yellowstone geothermal system, Peña Blanca, Mexico, and
the Idaho National Engineering and Enviro n m e n t a l
Laboratory subsurface conditions

( 5 ) Modeling of CO2 sequestration in saline aquifers
( 6 ) Modeling hydrothermal alteration in geothermal systems
( 7 ) Development of a Pitzer-type geochemical reactive trans-

port model and simulation of high-ionic-strength gro u n d-
water contamination

( 8 ) P rediction of the rate of strontium migration at the
H a n f o rd site 

( 9 ) Experimental and modeling studies on the scale depend-
ence of mineral reaction kinetics

( 1 0 ) Modeling of bioremediation field tests at the Hanford site
( 11 ) Study of long-term benthic biogeochemical dynamics of

heavy metal cycling and benthic fluxes in lake sediments
at Lake Coeur d'Alene, Idaho, including the development
of a dynamic numerical biogeochemical model of heavy
metal fate and transport in benthic sediments.

FUNDING
Funding for the Geochemistry Department comes from the

U.S. Department of Energ y, Office of Science, Office of Basic
E n e rgy Sciences, Chemical Sciences, Geosciences and
Biosciences Division; DOE Office of Biological and
E n v i ronmental Research; DOE Office of Enviro n m e n t a l
Management, Office of Science and Technology; DOE Office of
E n e rgy Efficiency and Renewable Energ y, Office of Utility
Technologies and Office of Geothermal Technologies; DOE
O ffice of Civilian Radioactive Waste Management; U.S.
E n v i ronmental Protection Agency; U.S. Navy; NASA Space and
Earth Sciences Program; National Science Foundation, Office of
Polar Programs; U.S. Department of A g r i c u l t u re; the University
of California Campus-Laboratory Collaboration Hydro l o g y
P roject; National Oceanographic Partnership Program (admin-
i s t e red by the Office of Naval Research); National Oceanic and
Atmospheric Administration, Office of Global Programs of the
U.S. Department of Commerce, California Enviro n m e n t a l
P rotection A g e n c y, the California Energy Commission, National
Institutes of Health, National Institute of Environmental Health
Sciences program, the Hanford Science and Te c h n o l o g y
P rogram, and the Berkeley Lab Laboratory-Directed Researc h
and Development Pro g r a m .
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SCIENTIFIC FOCUS AREAS
The Ecology Department (ED) intends to maintain the high-

est quality and highest visibility for its research and develop-
ment in five areas:

• Bioenergy
• Hydroecological engineering advanced decision support
• Molecular microbial ecology
• Real-time assessment of bioavailability and biokinetics
• Bioremediation and natural attenuation

These four R&D areas are largely integrated, but contain
some domains that are not inclusive. They are considered ED’s
core competencies.

Bioenergy
Concerns about global warming, dependence on foreign

oil, and rising gasoline prices have spurred a strong interest in
bioenergy in the United States. ED scientists will be contribut-
ing their expertise in microbiology, molecular microbial ecolo-
gy, and bacterial metabolism to a scientific challenge of great
national importance: the efficient production of biofuels. LBNL
has been a key strategic partner in large research initiatives for
developing bioenergy, including the Joint Bioenergy Institute
(JBEI), a Department of Energy-funded research center that
will receive $125 million over five years, and the Energy
Biosciences Institute (EBI), which is being funded by the ener-
gy company BP at a level of $500 million over ten years. Both
JBEI and EBI began operations in late 2007. The Ecology
department will play an important role in both JBEI and EBI.
For example, two ED personnel will serve as directors in JBEI:
the director of microbial communities (responsible for study-
ing the structural and functional dynamics of microbial com-
munities that efficiently degrade lignocellulosic biomass) and
the director of biofuels pathways (responsible for discovering
genes that can be engineered into metabolic pathways, result-
ing in efficient production of various transportation fuels from
cellulose degradation products). In EBI, ED scientists will be
involved in the study of microbially enhanced hydrocarbon

recovery and will co-lead a systems biology program, which
will entail the intensive, genome-enabled study of certain
bioenergy-related microorganisms (“omics” studies, including
transcriptomics, proteomics, and metabolomics).

Hydroecological Engineering Advanced Decision
Support (HEADS)

The HEADS research focus area has established a strong
track record in the rapidly growing, new subject area of
Ecological Engineering. The term “hydroecological engineer-
ing” signifies the group’s concentration on water resources and
wastewater engineering. Recognizing the growth in the field of
environmental informatics and the application of computer-
based models in the development of decision support systems,
the group is active in this niche area. Interest in decision sup-
port interfaces well with the group’s expertise in the deploy-
ment of real-time flow and water quality sensors, rapid labora-
tory assessment techniques, and mathematical models to
develop an early warning system for contaminant manage-
ment and containment. 

Molecular Microbial Ecology (MME)
Understanding microbial interactions is key to the study of

global warming, biodegradation of harmful compounds, and the
exploration of complex microbial communities in their natural
e n v i ronment. The DOE has placed an increased emphasis on the
role microbes play in modifying their environment and their
impact on energy security. The MME group has responded to
these needs by aggressively seeking out new projects and
expanding its staff to develop new core capabilities. One of the
key challenges has been to harness the explosion of micro b i a l
D N A sequence information to accurately measure the micro b i a l
dynamics in extreme environments. Since less than one perc e n t
of the microbial species can be cultured from these enviro n m e n t s ,
our knowledge of what these organisms may be doing is limited
to where they are observed and the similarity of their genomes to
studied organisms. By understanding the ecological stru c t u re of
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m i c robial communities and the fine-scale dynamics re s u l t i n g
f rom subtle perturbations, it may be possible to identify novel
functional pathways and use the diverse microbial capabilities to
assist in key DOE missions. Molecular tools being developed in
the ESD Center for Environmental Biotechnology will position us
to be leaders in this are a .

Real-Time Assesment of Bioavailability and Biokinetics
(RABB)

Interactions between environmental pollutants and ecolog-
ical receptors begin when the pollutants become available to
the target sites of a live ecological receptor. The ability to char-
acterize the dynamics of pollutant bioavailability, their trans-
formation kinetics, and the subsequent ecological response is a
keystone to advancing the science in relevant DOE areas,
including biogeochemistry, bioremediation, and exposure and
risk assessment. Since 1999, the RABB research group at ED has
pioneered the development and application of several cutting-
edge technologies, such as synchrotron radiation-based spec-
tromicroscopy, in vitro human gastrointestinal mimetic reac-
tors, and in vivo mouse protocols that allow for the real-time
assessment of bioavailability and biokinetics of environmental
pollutants. The RABB group intends to establish this capability
further by seeking out new projects and new collaborators, as
well as expanding our staff, to position us as leaders in the
areas of biological and environmental sciences.

Bioremediation and Natural Attenuation
Bioremediation and natural attenuation have been rapidly

growing areas of scientific study over the past decade. The
acceptance of natural attenuation as a solution for cleaning up
contaminated sites, and DOE’s recognition that they will have
long-term stewardship concerns to address at the most con-
taminated sites, has greatly increased the urgency for research
related to microbial ecology, biogeochemistry, biochemistry,
and molecular detection techniques. This type of research is
truly enabling for natural attenuation, since characterization,
transport-and-fate prediction, and verification monitoring
require a strong scientific basis. Natural attenuation is viewed
as the best solution for cleaning up many waste sites and will
save billions of dollars in cleanup costs.

ED scientists and engineers are recognized leaders in the
field of bioremediation and natural attenuation. The Center for

Environmental Biotechnology provides the primary facilities
used by ED, including state-of-the-art equipment for microbi-
ology and environmental engineering. ED investigators have
extensive experience in both water treatment and aquifer biore-
mediation. In addition to basic research, ED investigators have
been involved in various aspects of more than 100 field demon-
strations and deployments, and have five patents in this area
that are licensed to more than 30 companies. The types of con-
taminants in which ED investigators have expertise include
chlorinated solvents, petroleum hydrocarbons (including
m o n o a romatic and polynuclear aromatic hydro c a r b o n s ) ,
methyl tert-butyl ether (MTBE), high explosives (especially
TNT and RDX), nitrate, plutonium, neptunium, chromium,
and uranium. The Bioremediation and Natural Attenuation
area has both basic research and field application foci for the
ED. The basic research foci are metabolism and physiology
(including the genetics and biochemistry underlying pollutant
metabolism), biotransformation kinetics, and modeling of bio-
geochemical processes. Field-application foci are in situ moni-
toring techniques (including molecular, mass spectrometric,
and biogeochemical approaches), co-metabolic techniques, and
modeling of attenuation and environmental fate.

FUNDING
ED personnel are funded by DOE Programs in (1) the Office

of Science, Office of Biological and Environmental Research
(OBER) (Environmental Remediation Sciences Pro g r a m ,
Genomics:GTL, Bioenergy, and Medical Sciences); (2) the Office
of Environmental Management, Environmental Restoration
Programs; (3) the Office of Fossil Research, the Petroleum
Environmental Research Forum; and (4) the National Nuclear
Security Administration, Office of Nonproliferation Research
and Engineering (NN20). In addition, support is provided by
the U.S. Department of Homeland Security, National Institutes
of Health, U. S. Environmental Protection A g e n c y, the
Department of Agriculture; the Department of the Interior,
Bureau of Land Management and Bureau of Reclamation
under the CALFED program, NASA Astrobiology Institutes, as
well as several projects with remediation companies using
DOE-patented technologies for in situ bioremediation. ED per-
sonnel are also funded by Berkeley Lab’s Laboratory Directed
Research and Development (LDRD) Program in the area of
microbial fuel cells, fungal rDNA arrays, and FTIR biokinetic
analaysis.
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The Climate Science Department, ESD’s newest depart-
ment (started in April 2007), is dedicated to atmospheric and
climate science. With roughly a dozen distinguished scientists,
specialists, and technicians, this world-class team will lead the
ESD towards the creation of a new kind of climate model, inte-
grating cutting-edge climate science, such as the pioneering
work on the carbon cycle conducted at Berkeley Lab, and
drawing on work by scientists at UC Berkeley and other uni-
versities and national laboratories. The goal is not to predict cli-
mate alone, but to facilitate interactions among climate, water,
and energy on a global scale. Wholly interactive, it will be able
to incorporate fresh data and generate new scenarios at any
point—energy demand and carbon emissions, changes in the
composition of the atmosphere and the heat entering and leav-
ing it, impacts on ecosystems and human well-being—and
develop different strategies to mitigate or adapt to change.

The department’s major areas of scientific focus will
include climate change forcing, climate change modeling, and
climate change mitigation. 

CLIMATE CHANGE FORCING
The goal of Berkeley Lab’s terrestrial carbon research is to

support the development, testing, and application of
Integrated Terrestrial Carbon Models (ITCMs) that will be used
to simulate carbon fluxes in North America in the near term,
and coupled with global climate models in the long term. This
work is a multi-institution collaboration under the coordina-
tion of the lead lab in this SFA, Oak Ridge. Berkeley Lab is pur-
suing five areas of research relevant to improving carbon cycle
understanding: (1) better characterization of ecosystem CO2
fluxes and resulting atmospheric concentrations; (2) spatially
and temporally resolved measurements of fossil CO2 emis-
sions; (3) better understanding of soil carbon cycling; (4) simu-
lation of feedbacks between carbon dynamics and climate
change in global carbon-climate models; and (5) diagnosis of
carbon modules in global climate models using AmeriFlux,
North American Carbon Program (NACP), and other carbon
system observations.

The Climate Science Department is also carrying out inno-
vative observations of the ocean carbon cycle that would con-
tribute to removing a major gap in coupled carbon-climate
modeling. Oceans contain more carbon than any other dynam-
ic reservoir on earth. They pose a great observational challenge
because the pulses of biological productivity are episodic and
cover vast areas. The Climate Science Department has devel-
oped the Carbon Explorer (see figure), an autonomous float
that uses satellite telemetry to report its observations from dis-
tant oceans. Twelve of these low-cost robots have achieved the
equivalent of 8 years of continuous observations of particulate
organic carbon in remote and biologically dynamic ocean
regions, observations that would not have been possible with
conventional research ships. Seagoing work to prove and
enhance new sensors for the Carbon Explorer is ongoing. The
Department’s new sensor for particulate inorganic carbon was
operationally deployed to full ocean depth during a pole-to-
pole survey transects of the Atlantic Ocean in July 2003 and
January 2005. The data it reported allow the first comprehen-
sive examination of the spatial variability of particulate organ-
ic and inorganic carbon. The Department’s optical carbon sed-
imentation recorder was most recently deployed in Oyshio
waters near Japan.
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CLIMATE CHANGE MODELING
Simulations from global models provide critical information

re q u i red to attribute past climate change and ameliorate future cli-
mate change. Despite the sophistication of current coupled climate
models, these generally do not include the biogeochemical feed-
backs, the spatial resolution, and the understanding of abru p t
change re q u i red for comprehensive projections. To understand the
role of these processes in regional and global climate change, the
climate community should develop Earth System Models (ESMs).
ESMs will be designed to simulate the coupled physical, chemical,
and biogeochemical evolution of the environment. It is incre a s i n g-
ly critical to project local extremes in precipitation and other weath-
er conditions forced by climate change. However, these pro j e c t i o n s
a re subject to large uncertainties governed by model physics and
model resolution. Uncertainty reduction hinges in part on site-to-
regional scale process-based studies leading to new parameteriza-
tions in ESMs, analysis of model-simulated atmospheric physics
and dynamics with observational evaluations, and high-re s o l u t i o n
studies of the space-time evolution of extremes and anomalous
weather and climate states.  New re s e a rch is needed to understand
whether projections of extremes can converge with better pro c e s s
fidelity and higher spatial re s o l u t i o n .

CLIMATE CHANGE MITIGATION
Limitations in current soil carbon models cripple scientists’

ability to predict climate effects on CO2 fluxes or to evaluate
carbon sequestration and land management strategies. Four
major gaps in the understanding of soil carbon dynamics have
been identified (e.g., by BERAC, DOE, and USDA) that are
important for both coupled climate-carbon modeling and car-
bon management, and that can be addressed in the next 5
years. Specifically, the priority areas for soil carbon research are
(1) the effect of plant allocation and species on carbon residence
time; (2) physical protection of soil organic matter, by minerals
and aggregation; (3) temperature and moisture interactions;
and (4) testing and improvement of model performance. We
have in hand sufficient understanding and data to begin devel-
oping much improved model parameterizations for several of
these areas.

FUNDING
Funding for the Climate Science Department comes from

the U.S. Department of Energy, Office of Science, Office of
Biological and Environmental Research, and the Berkeley Lab
Laboratory-Directed Research and Development Program.
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The Fundamental and Exploratory Research Pro g r a m
(FERP) within ESD covers fundamental earth sciences research
conducted in support of the Department of Energy’s science
mission. This mission includes research in the natural sciences
to provide a basis for new and improved energy technologies
and for understanding and mitigating the enviro n m e n t a l
impacts of energy development and use. FERP also includes
exploratory research in important new energy and environ-
mental topics conducted under the Laboratory Dire c t e d
Research and Development (LDRD) program. The scientific
insights and breakthroughs achieved in FERP often become the
underpinnings for projects that support DOE’s applied
research and development program offices.

The basic earth sciences research program at Berkeley Lab
has focused on four broad earth sciences problems:

1. Fundamental studies of chemical and mass transport in
geologic media—with special re f e rence to predictive mod-
eling of multiphase, multicomponent, nonisothermal fluid
flow in saturated and unsaturated fractured ro c k

2. The development of new isotopic techniques for under-
standing the nature of a broad range of global process-
es—from the relatively short-term effects of natural fluid
migration in the crust to longer-term (i.e., 10–20 thousand
years) global climate variations

3. Imaging the subsurface—fundamental studies in the
propagation of seismic/acoustic and broadband electro-
magnetic waves through geologic media, with emphasis
on new computational techniques for high-resolution
imaging of near-surface and crustal structures (such as
possible fracture flow paths) and for inferring the types
of fluids present in pores and fractures

4. The development of a nanogeoscience center—The defin-
ing aspect of nanogeoscience is its interconnecting chem-
ical pathways, uniting aspects of natural inorg a n i c ,

organic, and biological processes with specific interac-
tions and mechanisms common to mineral surfaces,
small particles, and particle aggregates. The focus is on
various combinations of several key topics, defined with
respect to important specific problems within the DOE
complex, and aimed at elucidation of fundamental scien-
tific problems and reaction pathways. Work in this field
is necessarily diverse and complex, and requires the close
collaborations of investigators having both a wide
knowledge base—encompassing geochemistry, colloid
chemistry, surface chemistry, materials science, biochem-
istry and physical chemistry—and a strong interest in
shared goals, utilizing a team effort. In bringing separate
tasks together under one umbrella, efforts can now be
combined with a grand synergy that would be difficult to
achieve with separate subprojects operated in different
locations without temporal congruence. The new labora-
tory and task structure will function as a focus for all rel-
evant environmentally related nanoscience at LBNL, and
also provide a superb location for the development of
top-flight scientists in this field.

Results from these research endeavors have had a major
impact on applied energ y, carbon management/climate
change, environmental, and radioactive waste management
programs. Current research projects are briefly described here.

CHEMICAL AND MASS TRANSPORT
INVESTIGATIONS

Current research in this area is focused on nanoparticle and
colloid transport in unsaturated porous media and rock frac-
tures, chemical transport in structure porous media, unsaturat-
ed fast flow in fractured rock, and production and evaluation
of coupled processes for CO2 in aquifers. The nanoparticle
research focuses on the mobile fractions and natural abun-
dance in soils. Also studied is the rate of infiltration in the
unsaturated zone, an important issue in studying and defining
the driving forces and boundary conditions in the containment
and cleanup of contaminants in the subsurface. Also being
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researched are interfacial reactions such as at quartz/water
interfaces and the intergranular diffusion in uranium and in
sand. Another study has focused on the use of x-ray absorption
and diffraction methods to study sorption processes. 

ISOTOPE GEOCHEMISTRY
The Center for Isotope Geochemistry (CIG) is a state-of-the-

art analytical facility established in 1988 to measure the concen-
trations and isotopic compositions of elements in rocks, miner-
als, and fluids in the earth’s crust, atmosphere, and oceans.
Fundamental research conducted at this center is directed at
finding new ways to use isotopic information to study earth
processes, such as long-term climate changes, and at predicting
the chemical transport of mantle-derived or deep crustal fluids
as they move through the crust.

One of the major problems being studied at CIG is how to esti-
mate fluid-solid reaction rates in natural-groundwater higher-
t e m p e r a t u re geothermal conditions, particularly as these rates
a ffect mineral dissolution and secondary mineral pre c i p i t a t i o n .
ESD re s e a rchers are developing novel ways of estimating re a c t i o n
rates by using isotopic tracers (primarily strontium, but also ura-
nium and neodymium) to determine solid-fluid exchange rates in
various natural situations. Scientists are able to derive the “re a c-
tion length,” a parameter that depends on the ratio of isotope
transport by diffusion and advection to the reaction rate. The ulti-
mate objective is to understand the microscopic (as well as pore -
scale and mesoscale) characteristics of natural systems that have
been characterized in terms of “field scale” reaction-rate meas-
u res. An intermediate goal is to establish empirically the natural
range of fluid-solid reaction rates. Examples are the U-Th/He
g e o c h ronology of young volcanic rock, understanding and pre-
dicting the microbial degradation of chlorinated solvents with car-
bon isotopes, and using xenon isotopes to study buried waste.

ADVANCED COMPUTATION
FOR EARTH IMAGING

The Center for Computational Seismology (CCS) was creat-
ed in 1983 as the Berkeley Lab and UC Berkeley nucleus for
seismic research related to data processing, advanced imaging,
and visualization. In recent years, a great deal of cross-fertiliza-
tion between seismologists and other geophysicists and hydro-
geologists has developed within the division, resulting in col-

laborations on a wide variety of fundamental imaging prob-
lems. A primary thrust in this research has been to jointly
develop seismic and electrical methods for understanding fluid
flow and properties within the subsurface. In addition, funda-
mental studies on improved inversion and modeling of com-
plex media in 3-D are being carried out to analyze such effects
as matrix heterogeneity fluid flow and anisotropy. Applications
range from small-scale environmental problems to oil and gas
reservoirs.

ROCK PHYSICS
A variety of rock and soil science experiments are being

conducted through ESD’s Geoscience Measurements Facility,
which supports both field and laboratory work. In one new
laboratory project, researchers are studying the compaction
and fracturing of weakly cemented granular rocks. This study
examines the effect of micromechanical properties of weak
granular rock on macroscopic properties such as load-displace-
ment response, ultimate strength, and failure mode. In a sec-
ond study, a fundamental investigation of scattering and
intrinsic attenuation of seismic waves in rock with heteroge-
neous distributions of fluids and gas is being conducted. This
research represents a departure from past rock-physics studies
on seismic attenuation, in that the emphasis here is not a
detailed study of a specific attenuation mechanism, but rather
to investigate theoretical and laboratory methods for obtaining
separate estimates of scattering and intrinsic attenuation in
rock with heterogeneous pore-fluid distributions.

FUNDING
Funding for research in the Fundamental and Exploratory

Research Program comes from a variety of sources. These
include (primarily) the U.S. Department of Energy, through the
Director, Office of Science, Office of Basic Energy Sciences,
Division of Chemical Sciences, Geosciences, and Biosciences;
the Office of Biological and Environmental Research; the
Assistant Secretary for Fossil Energy, Office of Natural Gas and
Petroleum Technology, National Petroleum Technology Office,
Natural Gas and Oil Technology Partnership; and the Office of
Environmental Management Science Program. Funding is also
p rovided by the Laboratory Directed Research and
Development Program (LDRD) at Berkeley Lab.
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RESEARCH OBJECTIVES
Solute isotopic compositions have emerged as important

indicators of geophysical and biogeochemical processes. The
best-known isotopic geochemistry methods use various iso-
topic ratios as “signatures” of biological processes, geological
time, and paleoclimatic conditions. Less widely recognized is
the fact that diffusion in liquid water, a transport process ubiq-
uitous in the biogeosphere, has its own isotopic signature,
which results from the isotopic mass dependence of solute dif-
fusion coefficients. We have applied molecular dynamics sim-
ulations to investigate this mass dependence for both neutral
and ionic solutes in liquid water (Bourg and Sposito, 2007a,b),
to determine its potential influence on solute isotopic composi-
tions.

APPROACH
We carried out 8 ns molecular dynamics simulations of the

motions of a single solute ion or molecule, immersed in 215 to
550 water molecules and moving in a periodically replicated
simulation cell (Figure 1) maintained at the appropriate densi-
ty of liquid water. In such simulations, molecular positions and
velocities are calculated from the Newton-Euler equations of
motion for a set of molecules (with freely chosen atomic mass-
es) and interatomic potentials. We repeated each simulation
with the solute isotopic mass varied systematically over a
broad range (2 to 132 Da) to determine the mass dependence of
the solute diffusion coefficient, which was calculated by a stan-
dard quadrature involving the velocity autocorrelation func-
tion.

ACCOMPLISHMENTS
We determined the isotopic mass dependence for the diffu-

sion coefficients of five noble gases (He, Ne, Ar, Kr, Xe), four
monovalent cations (Li+, Na+, K+, Cs+), a monovalent anion
(Cl-) and a divalent cation (Mg2+). All solutes exhibited an
inverse power-law relation between their diffusion coefficients
and isotopic mass, as proposed recently by our collaborator
Frank M. Richter (University of Chicago) on empirical
grounds. The solute isotopic mass dependence increased in the
o rder: divalent ion < monovalent ions < noble gases.
Simulation results obtained for Li+, Cl- and Mg2+ and for the
major isotopes of the noble gases He, Ne, Kr, and Xe agreed
with available experimental data, thus confirming the accuracy
of our simulation methods (Bourg and Sposito, 2007a,b).

SIGNIFICANCE OF FINDINGS
Our results for the noble gases have particularly important

geochemical implications, because of the paucity of experimen-
tal data on noble gas diffusion in liquid water
and because of the widespread use of dissolved

noble gases in paleoclimatic and groundwater hydrology stud-
ies. More specifically, we found that the isotopic mass depend-
ence of noble gas diffusion coefficients in water is significantly
smaller than that predicted by a kinetic-theory model used
extensively—but never tested directly—in noble gas geochem-
i s t r y. This finding offers a major challenge to the conclusions
reached in many recent publications on paleoclimatic re c o n-
s t ructions and groundwater hydro l o g y.

RELATED PUBLICATION
Bourg, I.C., and G. Sposito, Molecular dynamics simulations of

kinetic isotope fractionation during the diffusion of ionic
species in liquid water. LBNL-61833. Geochimica et
Cosmochimica Acta (in press), 2007a. 

Bourg, I.C., and G. Sposito, Isotopic mass-dependence of noble
gas diffusion coefficients in water. Physical Review Letters
(submitted), 2007b.
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Figure 1. Eight-nanosecond molecular dynamics simulations of
the motions of a single solute ion or molecule, immersed in 215 to
550 water molecules and moving in a periodically replicated sim-
ulation cell maintained at the appropriate density of liquid water.
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RESEARCH OBJECTIVES
Aerosols—small particles less than 50 microns lofted into

the atmosphere—can travel on winds vast distances across the
globe. Such fine particulates can include soil-derived dust, bio-
genic material, sea spray, and industrial pollutants. Far-trav-
eled aerosols can affect air quality, the way the atmosphere
absorbs or reflects the sun’s heat, and cloud formation.
Analysis of elemental data for aerosols collected over
California has identified a persistent Asian soil dust compo-
nent that peaks with Asian dust storm events. Such Asian-
derived aerosols can also bring with them industrial pollutants
that can affect air quality in California. To further understand-
ing of intercontinental transport of aerosols, we undertook a
study of the isotopic composition of aerosols as a fingerprint
for their sources and evolution. As a basis for our study of
aerosols collected in California, we have analyzed samples
from Hefei, China, as a representation of Asian sources.

APPROACH
We use isotopic fingerprinting based on the isotopic com-

position of Sr, represented by the 87Sr/86Sr ratio. Through the
decay of 87Rb over geologic time, the 87Sr/86Sr of earth mate-
rials differs, depending on their geologic history and
87Rb/86Sr. We combined Sr isotopic data with elemental data
both determined from daily 24-hour samples of PM2.5 (parti-
cles <2.5 microns in diameter) collected in Hefei, China. The
collection period was during spring 2002, concurrent with
changing weather conditions, including a series of major dust
storms arising from deserts in western China. Prior to destruc-
tive isotopic analysis, the elemental composition of the partic-
ulate matter (PM) was determined by synchrotron-XRF analy-
sis performed at the ALS at Lawrence Berkeley National
Laboratory. The PM was then dissolved off the filters and ana-
lyzed for Sr isotopic composition and concentrations of K, Rb,
Sr, and Nd. We used a modeling program HYSPLIT provided
by the National Oceanographic and A t m o s p h e r i c
Administration to calculate air-mass back trajectories to sup-
port interpretations of aerosol sources.

ACCOMPLISHMENTS
We analyzed filters covering April to the beginning of May

2002. Comparison of the time series for 8 7S r /8 6Sr (Figure 1, top)
with calcium and silicon concentrations (not shown) indicates a cor-
respondence between high-dust days and highs in 8 7S r /8 6S r, while
lows are associated with precipitation events. Plotting Sr isotopic
composition against various elemental ratios provides identifica-
tion of end-member components in the mixture of particulates in
the sample. For example, Figure 1 (bottom) shows 8 7S r /8 6Sr vs.
C a / S r. This plot indicates that the PM2.5 samples re p resent variable
mixing between a high 8 7S r /8 6Sr end-member (desert dust), and at
least two diff e rent low 8 7S r /8 6Sr components, one re p re s e n t i n g

marine aerosol and another re p resenting “local” China sourc e s
influenced by urban pollution. Samples labeled with dates have a
significant component of marine aerosol Sr, consistent with weath-
er and air mass back-trajectories.

SIGNIFICANCE OF FINDINGS
This study demonstrates that the components of aerosol mix-

t u res can be traced to their sources using a combination of Sr iso-
topic data and elemental data. The results we presented here yield
constraints on the isotopic signatures of aerosols derived fro m
China that include both desert dust and pollution sources. This
p rovides us a starting-point compositional signature for deter-
mining the contribution of A s i a n - s o u rced materials to aerosols in
California and evaluating their role in air quality.

RELATED PUBLICATION
Christensen, J.N., S.S. Cliff, R.A. Van Curen, K.D. Perry, and

D.J. DePaolo, Tracking intercontinental dust transport with
radiogenic isotopes: Hefei, China to California, Spring 2002.
AGU 2006 Fall Meeting. Eos Transactions A m e r i c a n
Geophysical Union, Abstract A43B-0138, 2006.
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Figure 1. Time series of 87Sr/86Sr for PM2.5 collected in Hefei,
China (top). Plot of 87Sr/86Sr vs. Ca/Sr (bottom).  The composition
of CJ-1 assumed to represent desert dust is shown as a red bar.
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RESEARCH OBJECTIVES
P recipitation of minerals from aqueous solution is often

assumed to be a well-understood phenomenon. But the pre c i s e
mechanisms by which dissolved ions are attached to mineral sur-
faces to allow solid crystals to grow from solution are both com-
plex and poorly characterized, even for familiar minerals. Recent
advances have been made using micro-imaging techniques such as
atomic force microscopy and synchro t ron x-rays, and insights are
being gained from molecular dynamics and ab initio c a l c u l a t i o n s .
The results of these studies tend to emphasize the complexity of
the precipitation process, the variability as a function of conditions
such as oversaturation and fluid chemistry, and the evidence that
chemical equilibrium is not maintained during the process. In the
geosciences, the departures from equilibrium attending mineral
p recipitation are particularly important, because mineral pro p e r-
ties such as isotopic composition and trace-element content are
used to re c o n s t ruct past Earth climate and ocean chemistry, and the
assumption is commonly made that the minerals (such as calcite)
form at equilibrium or near-equilibrium conditions.

APPROACH
We are investigating the use of isotopes to study processes

at mineral surfaces. This approach is based on chemical differ-
ences between isotopic species—their mobility in solution,
rates of attachment and detachment from mineral surfaces, and
thermodynamic affinity in different chemical bonding environ-
ments. We measure Ca isotope ratios in the minerals calcite
(CaCO3) and gypsum (CaSO4), which are formed by precipita-
tion from aqueous solutions in soils, lakes, and the oceans. Ca
isotopes are ideal because it appears that all of the fractionation
produced in the precipitation process is caused by transport at
the mineral-water interface. 

ACCOMPLISHMENTS
To determine the equilibrium Ca isotope fractionation between

calcite and aqueous Ca, we measured the Ca isotopic composition
of pore fluids and calcite from sedimentary carbonate ooze
deposits on the ocean floor. The results indicate that at equilibrium,
the Ca isotopic ratios of calcite and coexisting dissolved Ca are

identical to within 0.002% per mass unit. When combined with
observations from experiments and marine biogenic calcite, we
find that this zero-fractionation condition occurs at both extre m e l y
slow and extremely fast rates of calcite precipitation. At intermedi-
ate rates, especially those applicable to biogenic calcite pre c i p i t a-
tion, there is fractionation that favors the incorporation of light iso-
topes into the precipitating solid. This behavior implies that the
isotopic fractionation is heavily dependent on the kinetics of
adsorptive attachment and detachment.  

SIGNIFICANCE OF FINDINGS
The inference that isotopic fractionation is affected by

attachment kinetics, in addition to equilibrium partitioning
and diffusive transport, has far- reaching implications for
understanding the chemical and isotopic composition of all
natural materials. Not only is it important to be able to accu-
rately describe the fractionations, but observed fractionations
in natural materials may help to distinguish which processes
are most active in their formation. A further challenge is to
develop models that can predict isotopic fractionation based on
the conditions of mineral growth from solution. 

RELATED PUBLICATIONS
Fantle, M.S., and D.J. DePaolo, Ca isotopes in carbonate sedi-

ment and pore fluid from ODP Site 807A: The Ca2 +( a q ) - c a l-
cite equilibrium fractionation factor and calcite re c r y s t a l l i z a-
tion rates in Pleistocene sediments. Geochim. Cosmochim.
Acta, doi: 10.1016/j.gca.2007.03.006, 2007.
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RESEARCH OBJECTIVES
This study aims at simulating snow crystal growth—a

vapor deposition process in clouds involving physics such as
vapor diffusion, and reaction. Although it is known that crys-
tal growth rate, which depends largely on the degree of vapor
oversaturation, determines crystal morphology, there is no
general model by which to relate morphology to vapor satura-
tion. A numerical method capable of simulating the shape evo-
lution of snow crystals is essential for interpreting relevant
physics, effect of pollutants on snow formation, and isotope
behaviors.

APPROACH
We use a 2-D lattice Boltzmann (LB) model to simulate dif-

fusion-controlled snow crystal growth from vapor-oversaturat-
ed air. The vapor depositions were accommodated through
both diffusion and reaction rates. The two-dimensional, nine-
speed model of Kang et al. (2004) was modified to accommo-
date the specific boundary conditions needed. In the model,
“crystals” grow solely according to the diffusive fluxes just
above the crystal surfaces, and hence morphology arises only
from the initial and boundary conditions. The effect of reaction
relative to that of diffusion was described with the Damkohler
number D a = krh / D, where kr is the local reaction-rate constant,
h is length dimension of the model domain, and D is the diffu-
sivity.

ACCOMPLISHMENTS
We have successfully simulated the hexagonal symmetry of

the snow growth (Figure 1). Our calculations demonstrate that
crystal is a compact plate, and fractionation approaches the
equilibrium value as the saturation factor approaches unity (S
= 1.0). Also, at higher oversaturation (e.g., S = 1.2), millimeter-
sized dendritic crystals develop over time scales appropriate to
cloud processes. The results help clarify the controls on den-
dritic crystal growth, and the relationships between saturation
state, growth rate, crystal morphology, and isotopic fractiona-
tion. They also show the extent to which crystals are likely to
be isotopically heterogeneous. 

SIGNIFICANCE OF FINDINGS
LB simulation connects the crystal growth processes and iso-

topic kinetic effects. The simulation results explain the isotopic
variation in evaporation/condensation, snow and ice formation,
and crystal growth. LB simulation provides a method for evalu-
ating the fractionation of isotopes in natural systems and extends

the simulation capability for investigating the physics, bridging
the molecular dynamics and conventional continuum domain. 

RELATED PUBLICATION
Kang et al., Lattice Boltzmann model for crystal growth from

supersaturated solution. Geophys. Res. Lett. 31, L21604,
2004.

Lu, G., D.J. DePaolo, Q. Kang, and D. Zhang, Lattice Boltz-
mann simulation of snow crystal growth. Water Resour.
Res., 2007.

DePaolo, D.J., and G. Lu, Kinetic isotope effects in snow crystal
g rowth: Lattice Boltzmann approach. J. Geophys. Res., 2007.
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Figure 1. Simulated snow crystals grown from vapor saturated
over water at –15˚C at various Damkohler numbers (Da): (a) Da =
4, (b) Da = 16, (c) Da = 96, and (d) Da = 302. Df is for the fractal
dimension, d is for the solid mass in lattice units, and Df is fractal
dimension.
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RESEARCH OBJECTIVES
The ultimate goal of most site characterization efforts is to

understand and describe the main subsurface features in suffi-
cient detail, so that a reliable prediction of fluid movement,
contaminant transport, and biogeochemical reactions can be
made. The challenge of characterizing the subsurface at a spe-
cific site lies in the fact that the soil structure is unknown and
exhibits both random and nonrandom features—i.e., it cannot
be adequately described using purely stochastic or purely
deterministic approaches. In addition to identifying the geom-
etry of the stratal soil architecture, hydrologic and geochemical
parameters need to be assigned. The specific objective of this
research is to develop a data analysis method that allows one
to determine both the soil structure and related hydrologic
parameters with adequate resolution for a given site.

APPROACH 
The basic concept is to perform a joint analysis of geophys-

ical data, which provide a high-resolution image of the subsur-
face, and hydrological data, which contain information about
the flow and transport properties of interest. Moreover, geosta-
tistical simulation methods are used to flexibly describe a het-
erogeneous soil structure with a limited number of parameters.
Finally, a petrophysical model is needed to relate, for example,
the fluid distribution in the subsurface to the geophysical sig-
nal. The parameters of such a petrophysical model are also con-
sidered unknown or uncertain, and are thus concurrently esti-
mated. In summary, we simultaneously estimate hydrological,
petrophysical, and geostatistical parameters by jointly invert-
ing time-lapse hydrological and geophysical data. 

ACCOMPLISHMENTS
The joint inversion approach as been implemented into the

i TOUGH2 code (Finsterle, 2004; http://www-esd.lbl.gov/iTO U G H 2 )
by linking geophysical modeling of ground penetrating radar
(GPR) signals and geostatistical simulation to the already avail-
able nonlinear parameter estimation methods. An example of a
synthetic infiltration experiment is shown in Figure 1, where a
highly heterogeneous, anisotropic soil structure and its related
properties are determined by the joint inversion of hydrologi-
cal data (infiltration rates and water content data derived from
neutron logging) and geophysical data (arrival times from a
crosshole GPR survey). 

SIGNIFICANCE OF FINDINGS 
By dynamically adjusting the soil stru c t u re during the opti-

mization process, the proposed approach significantly impro v e s
the model re p resentation of subsurface hetero g e n e i t y, thus

reducing the risk of substantial estimation and
p rediction errors. More o v e r, the joint analysis of
geophysical and hydrological data is a means to

characterize both the key features and relevant processes that
a ffect subsurface flow and transport. The approach is expected
to be valuable for analyzing other geophysical data types, such
as electrical resistance tomography (ERT ) .

RELATED PUBLICATIONS
Finsterle, S., Multiphase inverse modeling: Review and

iTOUGH2 applications. Vadose Zone J., 3, 747–762, 2004.
Finsterle, S., and M.B. Kowalsky, Joint hydrological-geophysi-

cal inversion for soil structure identification. Vadose Zone J.
(in press), 2007.

Kowalsky, M., S. Finsterle, J. Peterson, S. Hubbard, Y. Rubin, E.
Majer, A. Ward, and G. Gee, Estimation of field-scale soil
hydraulic parameters and dielectric parameters through
joint inversion of GPR and hydrological data. Water Resour.
Res., 41, W11425, doi:10.1029/2005WR004237, 2005.
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Figure 1. Demonstration of the joint hydrological-geophysical
inversion approach for soil structure identification: (a) Liquid sat-
uration distribution after one day of water release, locations of
neutron probes in boreholes (squares), and GPR straight-ray paths
used for inversion; (b) site-specific permeability field obtained by
the joint estimation of geostatistical, hydrological, and petrophys-
ical parameters.



RESEARCH OBJECTIVES
Nanoscale oxide and oxyhydroxide minerals are common-

ly found in the natural environment and play important roles
in adsorbing and sequestering aqueous ions, including nutri-
ents such as phosphates and contaminants such as heavy met-
als. Upon formation, these materials are typically subjected to
natural flocculation events that reduce the nanoparticle surface
area accessible by aqueous ions. Our goal is to assess the effects
of different kinds of aggregation processes on the morphology
of nanoparticle aggregates and metal uptake by the mineral
surfaces. 

APPROACH 
We synthesized a suspension of ~6 nm iron oxyhydroxide

nanoparticles and subjected portions of this suspension to ana-
logues of natural aggregation processes. These included: pH
variation around the point of zero surface charge (simulating
the neutralization of acid mine drainage), ionic strength eleva-
tion (simulating mixing of aquifer and brackish water), drying,
and freezing. Following aggregation, each sample was retuned
to the initial control conditions (pH 5, 0.001 M ionic strength),
without significant change in aggregation state. The effect of
aggregation on metal ion uptake was studied by exposing
batches of aggregated and control samples to 0.5 mM
Cu(NO3)2 at pH 6.0 for 24 hours. 

ACCOMPLISHMENTS
While all aggregation processes caused visual flocculation

and settling, there were large quantitative diff e rences in the
impact on Cu uptake. A g g regation via pH or ionic stre n g t h
variation caused a modest drop in uptake relative to nonaggre-
gated nanoparticles, while freezing and drying processes re s u l t-
ed in significant reductions in uptake. Small-angle x-ray scatter-
ing (SAXS) data provide insight into aggregate morphology and
permit the batch uptake experiments to be interpreted. In water,
the nanoparticles form open fractal-like networks, character-
ized by relatively low values of geometric fractal dimension (Df
~ 1.4). By contrast, drying or freezing force the nanoparticles
into densely packed clumps of porous material. SAXS-based
simulation techniques can generate re p resentative morpholo-
gies of the aggregates. 

SIGNIFICANCE OF FINDINGS
These findings illustrate the diverse nanoporous structures

that can be generated by natural nanoparticle aggregation
processes. In particular, they highlight the important role of
water in preserving hydrated channels among aggregated
nanoparticles that are permeable to aqueous ions. 

RELATED PUBLICATIONS
Gilbert, B., G. Lu and C.S. Kim, Stable cluster formation in

aqueous suspensions of iron oxyhydroxide nanoparticles. J.
Colloid Interf. Sci., 313, 152–159, 2007. 
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Figure 2. In situ small-angle x-ray scattering (SAXS) analysis of
FeOOH nanoparticle aggregates in suspension (control), or aggre-
gated. Fits to the experimental SAXS patterns permit representa-
tive aggregate morphologies to be generated (inset). Left inset:
Pore structure of a compact nanoparticle aggregate generated by
freezing. Brown = particle structure, blue = pore structure. Right
inset: Structure of a fractal aggregate generated by increasing ionic
strength. 
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Figure 1. The proportion of Cu2+(aq.) adsorbed from solution onto
FeOOH nanoparticles that were either fully suspended or aggre-
gated via different mechanisms. I.S. = “ionic strength.” 
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RESEARCH OBJECTIVES
Many bacteria produce Mn(IV) oxides

( M n O2), which are environmental nanoparti-
cles having a layered stru c t u re. Biogenic Mn
oxides are known to be key participants in both
redox reactions and metal-scavenging in soil
and aquatic environments. An important stru c-
tural characteristic of the oxides is the pre s e n c e
of Mn(IV) cation vacancies, whose charg e
deficit is typically compensated by metal
cations or protons (Villalobos et al., 2006). These
vacancies have long been identified as stro n g
adsorption sites for heavy metals, but they may
also play an important role in redox biogeo-
c h e m i s t r y, particularly in photo-induced re d o x
reactions occurring in natural waters. Because
e l e c t ronic stru c t u re is the key to understanding
(photo) redox transformations, the objective of
our re s e a rch is to theoretically examine the elec-
t ronic stru c t u res of Mn oxides, both with and
without Mn(IV) vacancies. 

APPROACH
Quantum mechanical (QM) calculations

have advanced to the point where they can pro-
vide highly accurate electro n i c - s t ru c t u re infor-
mation about solids without adjustable parame-
ters. In our study, the electronic stru c t u res of Mn
oxides were calculated for model MnO2
nanoparticles using a version of CASTEP, one of
the best known and most reliable QM codes in
solid-state physics. These extensive calculations
re q u i red the massively parallel superc o m p u t i n g
re s o u rces of the National Energy Researc h
Scientific Computing Center (NERSC). 

ACCOMPLISHMENTS
We investigated MnO2 nanosheets con-

taining Mn(IV) vacancies compensated by protons. Negative
charge was found to be localized at the vacancy sites. Our
results also demonstrated that increasing the Mn(IV) vacancy
concentration effectively reduced the band-gap energ y
between the occupied valence band and the unoccupied con-
duction band of electrons in the Mn oxides (Figure 1). Thus, a
Mn(IV) vacancy can facilitate photo-induced electron transfer

(redox reactions) between the oxide mineral and
inorganic or organic compounds.  

SIGNIFICANCE OF FINDINGS 
Biogenic MnO2 nanoparticles can serve as

design templates for new materials. Recent
research in materials science indicates that syn-
thetic Mn oxide nanoparticles with layer struc-
tures and Mn(IV) vacancies like those in biogenic
MnO2 are semiconductors that produce pho-
tocurrents under visible light stimulation, thus
making them attractive for applications in ener-
gy storage, solar cell fabrication, and catalysis.
Understanding their electronic structure is essen-
tial to developing their full potential, and our
QM results strongly imply that nanoparticle
MnO2 with Mn(IV) vacancies offers an effective
new material for generating and transferring
photo-induced electrons and holes. More specif-
ically, the finding of substantial band-gap energy
reduction by a vacancy suggests that photocur-
rent production by layer type MnO2 can be opti-
mized by the control of vacancy rates during
synthesis.

RELATED PUBLICATIONS
Villalobos, M., B. Lanson, A. Manceau, B. Toner,

and G. Sposito, Structural model for the bio-
genic Mn oxide produced by Pseudomonas
putida. American Mineralogist, 91, 489–502,
2006.

Kwon, K.D., K. Refson, and G. Sposito, Ruetschi
defects decrease the band gap energy in
M n O2 nanosheets. Journal of A m e r i c a n
Chemical Society (in press), 2007. 
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Figure 1 “Density of states” plots
calculated for nanoparticle MnO-
2 showing reduction of the band
gap energy (denoted by a double
arrow) resulting from an increase
in Mn(IV) vacancy concentration.
The inset figures are a-b plane
views of model Mn oxide struc-
t u res whose negatively-charg e d
vacancies are compensated by
p rotons (so-called Ruetschi
defects).  



RESEARCH OBJECTIVES
Global warming from burning of fossil fuels has generated

an increasing interest in the study of carbon dioxide’s geologi-
cal sequestration. Sequestration of CO2 into deep aquifers has
been identified as a suitable route for mitigating CO2 released
to the atmosphere. However, the permanency of such storage is
a concern. When compressed CO2 is injected into aquifers, it is
not in chemical equilibrium with the subsurface environment;
it is buoyant, and therefore has the potential to migrate back to
the surface through fissures in formation cap rock or along well
bores. Compressed carbon dioxide—a nonwetting fluid of lim-
ited solubility in water—evolves as it interacts with water and
with solid matrix in the subsurface. The objective of this study
is to investigate the interaction between CO2 and water.

APPROACH
We used 2-D and 3-D lattice-Boltzmann (LB) models to sim-

ulate dissolution of CO2 in water. The two-dimensional, nine-
speed model of Kang et al. (2002) was modified to accommo-
date multiple components and specific boundary conditions.
In the model, the phase transition and solid interactions in
porous media were accommodated through interfacial ten-
sions. 

ACCOMPLISHMENTS
We have successfully simulated the mutual dissolution of

CO2 in water (Figure 1) under different supercritical condi-
tions—with interfacial tension dropping under increased pres-
sures. The model was calibrated with laboratory-measured
interfacial tension data from the relevant literature. Results
show that both CO2 and water might exist as isolated phases
trapped within pores. 

SIGNIFICANCE OF FINDINGS
LB simulation of CO2- H2O-solid interfacing is a new

approach for the study of CO2 behavior in geological seques-
tration. Our microscale simulation provides insight into CO2
behavior, which can be validated by micro-imaging of the CO2-
water-rock system. The multiphase flow problem in porous

media is applicable to a wide range of practical problems,
including heterogeneity and biopolymer surfactant issues in oil
recovery, and the transport of nonaqueous-phase liquid con-
tamination. The LB model can also be extended to study iso-
topic fractionation associated with storage of CO2 in aquifers.

RELATED PUBLICATION
Kang et al., Displacement of a 2-D immiscible droplet. Physics of

Fluids, 14, 2002.
Lu, G., D.J. DePaolo, Q. Kang, and D. Zhang, Lattice-Boltzmann

simulation of CO2-water interaction in porous media. Wa t e r
R e s o u rces Research (submitted), 2007.

ACKNOWLEDGMENTS
This work was supported by in part by Laboratory Directed

Research and Development (LDRD) funds from Berkeley Lab,
p rovided by the Dire c t o r, Office of Science, of the U.S.
Department of Energy under Contract No. DE-AC02-
05CH11231. We would like to thank Qinjun Kang (Los Alamos
National Laboratory) and Dongxiao Zhang (University of
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CO2–H2O MULTIPLE PHASE AND COMPONENT SIMULATION:
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Figure 1. CO2 blob evolves over time. The partitioning of the CO2
phase into water was calibrated with the solubility of CO2 in
water. The plots at top show the CO2 concentration contours; the
plots at bottom show the profiles—t is lattice time.
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RESEARCH OBJECTIVES
Borehole breakout in rock occurs as a result of stress con-

centration on a borehole wall subjected to far-field stresses. If
the far-field stress is anisotropic, the highest stress concentra-
tion results in the directions corresponding to the minimum
principal stress within a plane perpendicular to the borehole
axis. To examine the effect of stress concentration on the forma-
tion of a borehole breakout, a “hollow-cylinder” test is con-
ducted routinely, which applies an axisymmetric confining
stress and an axial stress on a cylindrical rock sample contain-
ing a single hole along its axis. For more general, anisotropic
stress states, a cube-shaped rock sample containing an ana-
logue borehole is subjected to polyaxial stresses in the labora-
tory. The objective of this research is to develop an even sim-
pler testing method for studying borehole breakout—as simple
as a uniaxial compression test. 

APPROACH
The shaped-core uniaxial compression (SCUC) test developed

in this re s e a rch potentially provides a very simple means by which
to examine borehole breakout in rock. This method employs a
cylindrical rock core with a narrowed cross section at the center
(i.e., a “shaped” core), which gives the core an appearance of an

h o u rglass or dogbone (Figure 1). The same sample geometry has
been used to test rock and metal samples for their tensile and
extensile strengths. When a shaped core is subjected to axial com-
p ression, the curved surface results in a stress concentration at the
c o re wall, analogous to a real borehole subjected to far-field stre s s-
es. Laboratory experiments and numerical simulations using finite
element models were conducted for a range of core geometry and
material properties to examine the resulting stress distribution and
b o rehole breakout. 

ACCOMPLISHMENTS
SCUC tests were conduced on a variety of small rock samples

(diameter=5.08 cm, height=5.08 cm), ranging from very friable,
weakly cemented sand to extremely strong carbonate rock. This
method was also used extensively to examine how fluid flow
a round a borehole affects sand production from a borehole bre a k-
out. Initial experiments and elastic stress analyses indicated that
to model the behavior of a borehole adequately, a formation of
tensile zone within a shaped core must be avoided by applying
constraints at the top and bottom of a core. 

SIGNIFICANCE OF FINDINGS
Unique advantages of the method were identified through

the development of the SCUC test. These are (1) only a small
sample is needed for the test, (2) both very weak and very
strong samples can be tested easily, (3) an initiation and devel-
opment of a borehole breakout can be visually and continuous-
ly observed, and (4) since no confining cell is needed, fluid can
be circulated around the breakout within a transparent shell, to
study sand production. However, it was also found that the
stress concentration within a sample varies as a function of the
core geometry and material properties. 

ACKNOWLEDGMENTS
This work was supported by the Assistant Secretary for

Fossil Energy, Office of Oil and Natural Gas, National Energy
Technology Laboratory, and by Laboratory Directed Research
and Development (LDRD) funding from Berkeley Lab, provid-
ed by the Director, Office of Science, Office of Basic Energy
Sciences, of the U.S. Department of Energy under Contract No.
DE-AC02-05CH11231.

SHAPED-CORE UNIAXIAL COMPRESSION TEST FOR STUDYING
BOREHOLE BREAKOUT IN ROCK
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Figure 1. A shaped-core uniaxial compression test. An hourglass-
shaped rock core is compressed to produce a stress concentration
on the core wall, resulting in a local failure analogous to a borehole
breakout. Vertical compressional stresses are compared in the
plots (Normalized for the axial stress (a) and far-field vertical
stress (b). The ratio between the far-field vertical and horizontal
stresses in (b) is 2:1.).
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RESEARCH OBJECTIVES
The flow of water and transport of chemicals through soils

and fractured rocks is strongly dependent on the water content
(saturation), with very low flow and transport rates occurring
at low saturation levels. Under conditions in which both air
and water occupy pores (fractures), water films largely control
macroscopic flow and chemical transport. However, some
basic properties of water films in unsaturated media remain
poorly understood. The environmentally important character-
istics being investigated in this study are the dependence of
water film thickness on capillary (matric) potential and water
film’s possible dependence on major ion chemistry.

APPROACH
Capillary potentials on water films coating mineral surfaces

(smooth as well as rough) are controlled by equilibration with
aqueous salt solutions, under regulated subatmospheric pre s-
s u res in a small suction plate chamber. The chamber is placed in
f ront of an x-ray beam (National Synchro t ron Light Source X26A,
and Advanced Photon Source 13-IDC) used to determine film
thicknesses through x-ray fluorescence of monovalent (Rb+ and
B r-) and divalent (Ca2 + and SeO42 -) ions in the water films. These
h a rd x-ray synchro t ron sources are necessary for efficient x-ray
f l u o rescence monitoring of ionic tracers in water films within
sealed environmental control chambers. The measurements on
flat mineral surfaces provide information on limiting conditions
for unsaturated flow and transport, and also test various equilib-
rium models for adsorbed water film thickness. The experiments
on microscopically rough surfaces, including natural fracture
surfaces, test the capillary film flow models. 

ACCOMPLISHMENTS
M e a s u rements of average film thicknesses and film transmis-

sivities have been completed on several natural rough fracture sur-
faces. The most recent experiments have focused on basic measure-
ments on flat quartz glass surfaces at very-near- z e ro matric poten-
tials. We have successfully measured water films as thin as 90 nm
using this method, and our calibration tests indicate that re s o l u t i o n
of about 20 nm is achievable. The measured film thickness-poten-
tial trends (Figure 1) are qualitatively in agreement with an early
model derived by Irving Langmuir, but the data are indicative of
generally thicker films. A p redicted ion-valence film-thickness
dependence is being tested through comparisons of systems con-
taining RbBr versus CaSeO4 and MgSeO4 s o l u t i o n s .

SIGNIFICANCE OF FINDINGS
Water films in the range of tens to hundreds of nanometer

thickness are common in unsaturated soils and rocks, yet have
previously been inaccessible to direct measurements. This new
a p p roach is allowing direct quantification of unsaturated

transport properties within water films under environmentally
relevant conditions, including physicochemical influences on
unsaturated hydraulic properties.

RELATED PUBLICATION
Tokunaga, T.K., K.R. Olson, and J. Wan,  Infiltration flux distribu-

tions in unsaturated rock deposits and their potential implica-
tions for fractured rock formations. LBNL-57399. Geophys. Res.
Lett., 32, L05405, doi:10.1029/2004GL022203., 2005.
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PHYSICOCHEMICAL CONTROLS ON UNSATURATED FLOW AND TRANSPORT IN
GEOLOGICAL MEDIA

Tetsu K. Tokunaga, Jiamin Wan, Steve Sutton1, Matt Newville1, and Antonio Lanzirotti1
1University of Chicago

Contact:  Tetsu K. Tokunaga, 510/486-7176, tktokunaga@lbl.gov

Figure 1. Comparisons between measured RbBr water film thick-
nesses on quartz glass, and predictions based on the Langmuir
model, for a 1:1 solution. 
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RESEARCH OBJECTIVES
We wish to define the specific molecular

geometries of mineral surfaces equilibrated
with aqueous solutions, including the nature
of surface relaxations or re o rganizations, the
attachment sites and type of binding of sor-
bates, and the stru c t u re of interfacial water.
This type of information is important for the
testing of molecular reaction models and sim-
ulation techniques that model the
sorption/desorption and incorporation of
migrant species in natural fluids, and hence
determine the fate and transport of both toxic
and nutrient species in the enviro n m e n t .

APPROACH
Our studies are conducted using a com-

bination of molecular probes, largely syn-
chrotron-based, with relatively simplified model systems. The
chief synchrotron methods are: surface diffraction, by which
we can refine the position and occupation of surface atoms at
an interface; surface x-ray spectroscopy, by which we can
obtain specific structural information about the local molecular
environment of a sorbed molecule at an interface; and nonlin-
ear optical spectroscopy, whereby we can probe the infrared
vibrational spectrum of water molecules only at the solid-aque-
ous solution interface. Variations on these techniques also yield
specific information such as the redox state of surface atoms, or
the lifetimes of particular surface species.

ACCOMPLISHMENTS
Our most recent work focuses on the hematite, goethite,

diaspore and corundum surfaces. For hematite, we are interest-
ed in the surface produced by acids or bases, as well as the
geometry of sorbed species like arsenate or silicate. Results
have shown that the geometry of monomeric silicate sorption
is as a bidentate complex with strong surface attachment. The
topology is such that silicate polymerization on the hematite
surface (we investigated the R-plane) is likely, thus rendering
the surface passivated to further reaction.  For the goethite sur-
face we were able to collect x-ray surface scattering data from
submillimeter cleaved crystal fragments, and refine the surface

structure for the first time. The surface is
relaxed from the bulk, but also has two dis-
tinct layers of ordered water at the termina-
tion. Analogous surface refinements are in
p ro g ress for the aluminum-analog of
goethite—diaspore. Our surface water stud-
ies show that the pH point of zero charge
(PZC) for clean corundum (0001) faces is ca.
5.5, rather than the ca. 9.0 measured for
corundum powders. This points to a basic
misunderstanding of the aluminate-water
surface interaction, which we are address-
ing with further studies of the corundum-
water surface structure as a function of pH,
as well as with MD simulations.

SIGNIFICANCE OF FINDINGS
The silicate/hematite work is vital to an understanding of

how the reactivity of natural Fe oxide surfaces changes in var-
ied environments, and whether effective re m e d i a t i o n
a p p roaches for particular pollutants are efficacious. The
goethite and diaspore work are crucial to the application of
surface complexation modeling with accurate molecular
parametrization. For example, current models assume bulk-
goethite-like structure for the interface, which we show is not
accurate. The PZC work shows fundamental problems with
our solid-aqueous interface modeling assumptions, even in
simple systems, but does yield new information by which we
may be able to improve future molecular models. 

RELATED PUBLICATION
Waychunas, G.A., Y.-S. Jun, P. J. Eng, S. Ghose, and T. P. Trainor,

Anion sorption topology on hematite: Comparison of arse-
nate and silicate. LBNL-61150. Geomaterials II (chapter) (in
press), 2007.
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MO L E C U L A R- LE V E L ST U D I E S O F MI N E R A L- WAT E R IN T E R FA C E ST R U C T U R E A N D CH E M I S T RY
Glenn Waychunas, Young-Shin Jun, Chuanshan Tian, Y. Ron Shen, Peter Eng, and Sanjit Ghose
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Figure 1. Geometry of sorbed silicate
(green tetrahedra) on the R-plane (1-
102) surface of hematite at 40% occu-
pancy. At higher occupancy, vertical sil-
icate polymer chains would form.
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RESEARCH OBJECTIVES
Our past work has shown that nanoparticles differ in struc-

ture and strain, depending on their precise chemical environ-
ment. It is also anticipated that structure, strain, and reactivity
may change as a function of size. Our investigations aim to
characterize possible differences in sorption mechanisms as a
function of nanoparticle size, growth rate, and degree of aggre-
gation.

APPROACH
Our studies are done using a combination of molecular

probes, bulk measurements, and thermodynamic measure-
ments. Some of the analysis is done in concert with molecular
dynamic simulations. For nanoparticle size and shape, we
employ small angle x-ray scattering (SAXS) and dynamic light
scattering (DLS), while the specific molecular nature of surface
species is determined with extended x-ray absorption fine
structure spectroscopy (EXAFS). Other aspects of nanoparticle
structure are determined via determination of pair correlation
functions with high-energy wide angle x-ray scattering
( WAXS). The x-ray measurements are done at the A P S
(Advanced Photon Source) and SSRL (Stanford Synchrotron
Radiation Laboratory) synchrotron sources.

ACCOMPLISHMENTS
Recent work shows that nanoparticle uptake of many types

of sorbants is very high, initially, reflecting the large surface-to-
volume ratio. In general, the numbers of active surface sites
that sorb aqueous species do not seem to markedly increase in
nanoparticles relative to larger particles, and in some cases are
observed to decrease. This may result from a high degree of
surface strain, manifested by surface site distortion, and thus
somewhat disfavored geometries for strong covalent binding
of sorbates. Growth of nanoparticles is also affected by sorp-
tion, with effects proportional to the strength of the binding
and hence the degree to which nanoparticles can aggregate or
grow by Ostwald ripening. Nanoparticle growth mechanisms
in iron oxyhydroxides appear to occur by both oriented attach-
ment (OA) and ripening mechanisms.

SIGNIFICANCE OF FINDINGS
An important mechanism for the uptake of natural pollu-

tants by nanoparticles is incorporation by growing surfaces or

via aggregation mechanisms. We have shown that growth is
highly sensitive to sorption of particular species, and hence
that the fate and transport of environmental toxics is related in
a complex manner to the size distribution of nanoparticles and
the precise chemistry of sorbing species. For example, nanopar-
ticles at smallest sizes may transport sorbed species for long
distances without aggregation or growth if sorption densities
are high. However the same particles would tend to aggregate
or continue growth at low sorption densities, thus encapsulat-
ing the pollutants but with very limited transport.

RELATED PUBLICATIONS
Kim, C.S., C.J. Lentini, and G.A. Waychunas, A s s o c i a t i o n s

between iron oxyhydroxide nanoparticle growth and metal
a d s o r p t i o n / s t ructural incorporation. In: Geomaterials II, D.
Kent and M. Barnett, eds., Elsevier (in press), 2007.

Waychunas, G.A., C. Kim, and J.F. Banfield, Nanoparticulate iro n
oxide minerals in soils and sediments: Unique properties and
contaminant scavenging mechanisms. J. Nanoparticulate Res.,
7, 409–433, 2005.
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NANOPARTICLE REACTIVITY, STRUCTURE, AND GROWTH STUDIES
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Figure 1. Uptake of solution Hg(II) by goethite nanoparticles of
varying size: a) scaled via gross uptake reflecting surface area
effect; b) scaled by surface area showing little effect of size over the
investigated range.

Earth Sciences Division
Berkeley Lab

Research Summaries
2006-2007Fundamental and Exploratory Research Program

12



RESEARCH OBJECTIVES
The need to consider aqueous and sorption reaction kinet-

ics and microbiological processes arises in many subsurface
problems. By adding these process-modeling capabilities to the
TOUGH family of codes, complex problems can be addressed
that involve multiphase fluid and heat flow, and biologically
mediated geochemical interactions. 

APPROACH
A general formulation for kinetic rates among chemical and

microbial species has been incorporated into the reactive geo-
chemical transport simulator TOUGHREACT. The space dis-
cretization used is based on a flexible integral finite difference
approach that uses irregular gridding to model small-scale bio-
geologic regions and structures. A general multiregion model
for hydrological transport coupled with microbiological and
geochemical processes is used (Figure 1).  

ACCOMPLISHMENTS
A 1-D reactive transport problem with kinetic biodegrada-

tion and sorption was used to test the enhanced simulator,
which involves the processes that occur when a pulse of water
containing NTA (nitrylotriacetate) and cobalt is injected into a
column. The current simulation results agree very well with
those obtained with other simulators. The applicability of this
general multiregion model was validated by results from a
published column experiment of denitrification and sulfate
reduction. The matches with measured nitrate and sulfate con-
centrations were adjusted with the interfacial area between
mobile and immobile regions (Figure 1). Results suggest that
TOUGHREACT not only can be a useful interpretative tool for
biogeochemical experiments, but also can produce insight into
processes and parameters of coupled advective and diffusive
transport, and their interplay with biogeochemical reactions. 

SIGNIFICANCE OF FINDINGS
The resulting biogeochemical-transport-simulation capabili-

ties may be useful for both deep and shallow subsurface pro b-
lems, including acidic mine drainage remediation, biologically
enhanced CO2 sequestration, microbially enhanced oil re c o v e r y,
and environmental remediation of groundwater contamination.
This new capability is finding immediate application to studies
of nitrogen cycling in the shallow subsurface and its coupling to
h y d rologic and climatologic forcings through a joint Earth
Sciences Division and Berkeley Water Center project. 

RELATED PUBLICATIONS
Xu, T., Incorporation of aqueous reaction kinetics and

biodegradation into TO U G H R E A C T: Application of a
multi-region model to hydrobiogeochemical transport of
denitrification and sulfate reduction. Vadose Zone Journal
(in press), 2007.

Xu, T., E.L. Sonnenthal, N. Spycher, and K. Pruess, TOUGHRE-
ACT—A simulation program for non-isothermal multi-
phase reactive geochemical transport in variably saturated
geologic media: Applications to geothermal injectivity and
CO2 geological sequestration. Computers & Geoscience, 32,
145–165. 2006.
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INCORPORATION OF AQUEOUS REACTION KINETICS AND BIODEGRADATION INTO
TOUGHREACT

Tianfu Xu and Curtis M. Oldenburg
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Figure 1. Schematic representation of a multi-region model and
rate expressions used in the simulator, and application results for
a denitrification and sulfate reduction problem.
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The Energy Resources Program (ER) within ESD is respon-
sible for two major program areas: Oil and Gas Exploration
and Development, and Geothermal Energy Development. 

OIL AND GAS EXPLORATION 
AND DEVELOPMENT 

Multidisciplinary research is being conducted in reservoir
characterization and monitoring, optimization of reservoir per-
formance, and environmental protection. Using basic research
studies as a source of innovative concepts, ER researchers seek
to transform these concepts into tangible products of use to
industry within a time frame consistent with today's rapid
growth in technology. Reservoir characterization and monitor-
ing involve development of new seismic and electromagnetic
techniques focused at the interwell scale. Field acquisition, lab-
oratory measurements, and numerical simulation play impor-
tant roles in the development activities. Optimization of reser-
voir performance is focused on simulation-based methods for
enhancing reservoir management strategies. Emphasis is
placed on the integration of geophysical data, production data,
and reservoir simulation. The next major step in research will
focus on methods to optimize performance through integration
of monitored geophysical data, production data, and reservoir
simulation.

International and national concern about the variable climatic
e ffects of greenhouse gases produced by burning of fossil fuels is
i n c reasing, while it is also recognized that these fuels will re m a i n
a significant energy source for the indefinite future. In response to
these concerns, ER has initiated re s e a rch focused on development
of technologies that will minimize the impact of fossil-fuel usage
on the environment. Methane hydrates constitute a huge potential
fuel source, with lower carbon emissions than coal or oil. ER
re s e a rchers are developing and evaluating possible methods for

p roducing gas from such deposits. 

Geophysical data acquisition and inversion methods developed
in the ER program are also being applied in a new ESD pro g r a m ,
the Geologic Carbon Sequestration Program, described else-
w h e re in this volume.

Principal research activities include:
• Development of 3-D electromagnetic processing methods

for oil and gas re c o v e r y
• Development of microwell seismic technology, including

instrumentation, acquisition, and processing
• Applications of seismic methods for characterization of

fractured reservoirs
• Development of joint electrical-seismic inversion methods

for oil and gas exploration and monitoring
• Use of passive (microearthquake) and active seismic

imaging for understanding and controlling enhanced
geothermal systems (EGS)

• Laboratory measurement of the seismic properties of
poorly consolidated sands

• Evaluation of seismic stimulations methods and their
application to different classes of oil reservoirs 

• I m p roved inversion methods for reservoir characterization,
with a focus on combining production and geophysical
data 

• Application of x-ray computed tomography (CT) and
nuclear magnetic resonance (NMR) imaging to study
multiphase flow processes 

• Pore-to-laboratory-scale study of physical properties and
processes, with a focus on controlling phase mobility,
predicting multiphase flow properties, and increasing
drilling efficiency 

• Development of new methods to mitigate environmental
effects of petroleum refining and use 

• Enhancement of refining processes using biological
technologies 

• Numerical simulation of subsurface methane hydrate
systems 

• Use of passive (microearthquake) and active seismic
imaging for understanding and controlling EGS
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Since 1994, the major part of the Oil and Gas Exploration and
Development program has been funded through the Natural
Gas and Oil Technology Partnership Program. Begun in 1989,
the partnership was expanded in 1994 and again in 1995 to
include all nine Department of Energy multiprogram laborato-
ries, and has grown over the years to become an important part
of the DOE Oil and Gas Technologies program for the national
laboratories. Partnership goals are to develop and transfer to the
domestic oil industry the new technologies needed to pro d u c e
m o re oil and gas from the nation's aging, mature domestic oil
fields, while safeguarding the enviro n m e n t .

Partnership technology areas are: 
• Oil and gas recovery technology 
• Diagnostics and imaging technology 
• Drilling, completion and stimulation 
• Environmental technologies 
• Downstream technologies 

GEOTHERMAL ENERGY DEVELOPMENT 
T h e re are two main objectives of ER's geothermal energ y

development program: (1) to reduce uncertainties associated
with finding, characterizing, and evaluating geothermal
re s o u rces, and (2) to develop and understand the enhancement
of current geothermal systems to significantly increase pro d u c-
tion, i.e., Enhanced Geothermal System (EGS). The ultimate pur-
pose is to lower the cost of geothermal energy for electrical gen-
eration or direct uses (e.g., agricultural and industrial applica-
tions, aquaculture, balneology). The program encompasses the-
o retical, laboratory, and field studies, with an emphasis on mul-
tidisciplinary approaches to solving the problems at hand.
Existing tools and methodologies are upgraded, and new tech-
niques and instrumentation are developed for use in the areas of
g e o l o g y, geophysics, geochemistry, and reservoir engineering.
Cooperative work with industry, universities, and government
agencies draws from Berkeley Lab's 25 years of experience in the
a rea of geothermal re s e a rch and development. 

In recent years, DOE's geothermal program has become more
industry-driven, and the Berkeley Lab effort has been dire c t e d
t o w a rd technology transfer and furthering our understanding of
the nature and dynamics of geothermal re s o u rces under pro d u c-
t i o n .

At present, the main research activities of the program
include: 

• Geothermal Reservoir Dynamics: development and
enhancement of computer codes for modeling heat and
mass transfer in porous and fractured rocks, with specific

p rojects such as modeling the migration of phase-partition-
ing tracers in boiling geothermal systems; modeling of min-
eral dissolution and precipitation during natural evolution,
p roduction, and injection operations; and geophysical-sig-
n a t u re prediction of reservoir conditions and processes 

• Isotope Geochemistry: identification of past and present
heat and fluid sources, development of natural tracers
for monitoring fluids re-injected into geothermal reser-
voirs, better understanding of the transition from mag-
matic to geothermal production fluids, and enhancement
of reservoir-simulation methods and models by provid-
ing isotopic and chemical constraints on fluid source,
mixing, and flow paths 

• Geochemical Baseline Studies: documentation of geot-
hermal-fluid behavior under commercial production and
injection operations (e.g., field case studies), with specif-
ic emphasis on The Geysers field in Northern California

• Electromagnetic Methods for Geothermal Exploration:
development of efficient numerical codes for mapping
high-permeability zones, using single-hole electromag-
netic data and surface magnetotelluric data.

Future research will concentrate on the development of
innovative techniques for geothermal exploration and assisting
in a reassessment of geothermal power potential in the U.S.
The emphasis will be on expanding existing fields, prolonging
their productive life, and finding new “blind” geothermal sys-
tems, i.e., those that do not have any surface manifestations,
such as hot springs or fumaroles, that suggest the presence of
deeper hydrothermal systems. 

FUNDING 
Within ER, The Oil and Gas Exploration and Development

p rogram receives support from the Assistant Secretary for Fossil
E n e rg y, Office of Natural Gas and Petroleum Te c h n o l o g y, thro u g h
the National Energy Technology Laboratory, the National
P e t roleum Technology Office, and the Natural Gas and Oil
Technology Partnership, under U.S Department of Energ y
Contract No. DE-AC02-05CH11231. Support is also pro v i d e d
f rom industry and other sources through the Berkeley Lab Wo r k
for Others program. Industrial collaboration is an important com-
ponent of DOE Fossil Energy projects. 

The Geothermal Energy Development program receives sup-
port from the Assistant Secretary for Energy Efficiency and
Renewable Energ y, Office of Power Technologies, Office of Wi n d
and Geothermal Technologies, of the U.S. Department of Energ y.
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RESEARCH OBJECTIVES
Rock-physics models are needed for reservoir parameter

estimation using marine seismic amplitude-versus-angles
(AVA) and controlled source electromagnetic (CSEM) data.
They are typically derived in practice from suitable nearby
borehole logs. However, since relationships between reservoir
parameters and geophysical attributes are often nonlinear and
non-unique, the derived rock-physics models are inevitably
subject to uncertainty. Traditional methods for analyzing
uncertainty in rock-physics models are performed by varying a
small subset of the rock-physics parameters while keeping oth-
ers unchanged. In essence, those methods explore the margin-
al effects of the parameters on reservoir parameter estimation
and are valid only when the parameters being investigated are
independent of those kept unchanged. Since ro c k - p h y s i c s
parameters often depend on each other, the utility of such
approaches is limited. Additionally, the above methods only
analyze the effects of uncertainty in the estimated rock-physics
parameters without considering uncertainty in the ro c k -
physics model outputs. The goal of this study is to develop a
flexible, robust, and integrated approach for analysis of uncer-
tainty in rock-physics models.

APPROACH
A Bayesian framework and stochastic rock-physics models

a re used to combine marine seismic AVA and CSEM data for
reservoir parameter estimation. The outputs of ro c k - p h y s i c s
models are considered as random functions of reservoir param-
eters, and the parameters of rock-physics models are considere d
as random variables. Markov chain Monte Carlo (MCMC)
methods are used to draw many samples from the joint posteri-
or probability density functions. The obtained samples fro m
MCMC methods are used to estimate reservoir parameters as
well as uncertainty information in the estimation. 

ACCOMPLISHMENTS
A Bayesian model based on a layered reservoir model has

been developed to jointly invert seismic AVA and CSEM data,
and the model has been applied to a synthetic reservoir with
high gas saturation. Figure 1 shows the estimated posterior
probability density functions (pdfs) of water saturation, shale
content, and porosity using stochastic rock-physics models at
various noise levels.

SIGNIFICANCE OF FINDINGS
Uncertainty in both the outputs and the parameters of rock-

physics models could have significant effects on the estimates
of reservoir parameters in joint inversion of

marine seismic AVA and CSEM data. The effects of uncertainty
in rock-physics model parameters are generally less significant
than those of uncertainty in rock-physics model outputs. The
study also shows that an integrated approach is important for
uncertainty analysis in reservoir parameter estimation, and
that the developed Bayesian model in this study provides a
consistent and effective method for uncertainty analysis.

RELATED PUBLICATIONS
Chen, J., and T. Dickens, Effects of uncertainty in rock-physics

models on reservoir parameter estimation using marine
seismic AVA and CSEM data. SEG Expanded Abstracts (in
press), 2007.
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Figure 1. Estimated posterior pdfs of water saturation, shale con-
tent, and porosity, where the black, red, blue, and green curves are
the estimated posterior pdfs when the outputs of rock-physics
models are exact, and have errors equivalent to the coefficients of
variations of 1%, 3%, and 5%, respectively.
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RESEARCH OBJECTIVES
Natural deposits of gas hydrates (i.e., methane molecules

enclosed within a solid water lattice at elevated pressure and
cool temperatures), thought to contain vast amounts of recov-
erable natural gas, are present in the subsurface in permafrost
areas and at or below the ocean floor. To capture this gas, the
solid hydrate must be destabilized (by lowering pressure,
increasing temperature, or adding an inhibitor), causing it to
dissociate into methane gas and water, and extracted from the
earth using a production well. Modeling of these processes is
needed to estimate the economics of gas production, but the
modeling must be based on correct physics. Our objectives are
to perform experiments that provide visualizations and quan-
tifications of water and gas flow through hydrate-bearing sam-
ples to improve conceptual and numerical models of gas pro-
duction from hydrates.

APPROACH
We form methane hydrate in samples contained in x-ray

transparent vessels, while controlling the water content, pres-
sure, and temperature. We then quantify water and gas flow
through the resulting system using pressure, temperature, and
flow measurements, and use x-ray computed tomography to
visualize changes and water flow.

ACCOMPLISHMENTS
We have performed a number of flow tests for sands hav-

ing different characteristics at several hydrate saturations and
have estimated relative permeabilities based on our measure-
ments. We have performed and monitored dissociation tests by
depressurization and thermal stimulation, and have performed
flow tests through samples that had heterogeneities in hydrate
saturation and prescribed heterogeneities. Also, we are devel-
oping a procedure for measuring the characteristic curve of
hydrate-bearing sand.

SIGNIFICANCE OF FINDINGS
Our measurements are being incorporated into numerical

simulations of gas production from hydrates, adding confidence
to the modeling. Visualizations have taught us about the roles of
heat and mass transfer in the technique used to make hydrate
samples and their influence on resulting measure m e n t s .

A d d i t i o n a l l y, the impact of parameter changes caused by the
p resence of hydrate in a porous medium can be seen directly in
our visualizations, allowing better understanding and modeling
of the processes. 

RELATED PUBLICATIONS
Kneafsey, T.J., L. Tomutsa, G.J. Moridis, Y. Seol, B.M. Freifeld,

C.E. Taylor, and A. Gupta, Methane hydrate formation and
dissociation in a core-scale partially saturated sand sample.
LBNL-59087. Journal of Petroleum Science and
Engineering, 56, 108–126. 2007.

Gupta, A., T.J. Kneafsey, G.J. Moridis, Y. Seol, M.B. Kowalsky,
and E.D. Sloan Jr., Methane hydrate thermal conductivity in
a large heterogeneous porous sample. LBNL-59088. J. Phys.
Chem. B; ASAP Web Release Date: August 2, 2006; DOI:
10.1021/jp0619639, 2006.

ACKNOWLEDGMENTS
This work was supported by the Assistant Secretary for

Fossil Energy, Office of Natural Gas and Petroleum Technology,
through the National Energy Technology Laboratory, under the
U.S. DOE, Contract No. DE-AC02-05CH11231.

MEASUREMENTS AND OBSERVATIONS OF WATER, GAS, AND HEAT FLOW
IN HYDRATE-BEARING SANDS

T.J. Kneafsey, L. Tomutsa, Y. Seol, R.C. Trautz, G.J. Moridis, and T.A. Ghezzehei
Contact: T.J. Kneafsey, 510/486-4414, tjkneafsey@lbl.gov

2

Earth Sciences Division
Berkeley Lab

Research Summaries
2006-2007

Figure 1. Sequence of CT scans showing water flow through a
sample having coarse sand on the top and fine sand on the bot-
tom. The brighter regions in the first scan show higher saturations
of hydrate. In later scans, the brighter regions show the initial
hydrate saturation with increasing saturations of water.
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RESEARCH OBJECTIVES
The main objective of this project is the development and

application of the new advanced technology of hydrocarbon
reservoir imaging, supported by a frequency-dependent reflec-
tivity model. Reaching this objective requires an understand-
ing of how seismic waves interact with fluid-saturated rocks.

APPROACH
This project involves development of theory and processing

algorithms, laboratory experiments, and verification of results,
using field data provided by industrial partners. For theory
development with respect to frequency-dependent reflections,
a computer code was developed that models (in two and three
layers) the reflections caused by P- wave incidence. Fluid flow
effects are modeled by application of Biot’s porous rock theory
and generalized to the double porosity theory.

ACCOMPLISHMENTS
Modeling results were compared with observations in lab-

oratory data and field experiments. It was determined that the
modeled effects are too small to explain the data. On the other
hand, analyses of permeability values consistently demon-
strate that measurements at field scale (hundreds of meters to
kilometers) show an increase of several orders of magnitude
compared to values obtained at laboratory scales. This behav-
ior finds an explanation in the self-similar distribution of frac-
tures in rock and implies that fluid-related effects in fractures
have to be considered for realistical models of rock. An analyt-
ical solution has been obtained with respect to the phase veloc-
ity of a Stoneley guided wave for an infinite fracture filled with
viscous fluid. The solution suggests differentiating between oil
and water fluids at low frequencies. It also suggests that at seis-
mic frequencies, resonances are possible at reservoir scales
(Figure 1). Resonant frequencies depend on fluid parameters
and fracture dimensions.

SIGNIFICANCE OF FINDINGS
The Stoneley wave (slow wave) effect, which is not a part of

any existing poroelastic theory, needs to be taken into account
at field scales. For proper extraction of permeability informa-
tion, the scattering of seismic waves caused by fracturing with-
in heterogeneous systems needs to be included in reservoir
models. Resonant characteristics of fluid-filled fractures are
likely to cause nonlinear effects when seismic waves interact
with reservoirs. 

RELATED PUBLICATIONS
Korneev, V.A, Slow waves in fractures filled with viscous fluid.

Geophysics (in press), 2007. 
Silin, D.B., V.A. Korneev, G.M. Goloshubin, and T.W. Patzek,

Low-frequency asymptotic analysis of seismic reflection
from a fluid-saturated medium. LBNL-54955. Transport in
Porous Media, 62, 283–305, 2006.

Goloshubin, G.M., C. VanChuyver, V.A. Korneev, D.B. Silin,
and V. Vingalov, Reservoir imaging using low frequencies
of seismic reflections. LBNL-60853. The Leading Edge, 25
(5), 527–531, 2006.

K o r n e e v, V., A. Bakulin, T. Watanabe, and S. Ziatdinov, Ti m e -
lapse changes in tube and guided waves in cross-well Mallik
experiment. SEG Annual Meeting, Expanded A b s t r a c t s ,
2 0 0 6 .
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Figure 1. Resonant energy density for 4 m long, 1 mm thick water-
filled fracture
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RESEARCH OBJECTIVES
Production of natural gas from hydrate accumulations may

proceed by inducing dissociation, an endothermic reaction
which results in the production of gas and water, using one or
a combination of the following mechanisms: (1) depressuriza-
tion; (2) thermal stimulation; and (3) inhibitors (such as salts
and alcohols). The objective in this work is to evaluate, through
numerical simulation, the importance of employing kinetic
versus equilibrium reaction models to describe the hydrate dis-
sociation reaction and thus predict the response of (methane)
hydrate-bearing systems to external stimuli, such as changes in
pressure and temperature.

APPROACH
Our numerical studies are conducted using

TO U G H + H Y D R ATE (formerly TO U G H - F x / H Y D R AT E ) ,
which models the nonisothermal hydration reaction, phase
behavior, and flow of fluids and heat under conditions typical
of natural hydrate deposits in complex formations. It includes
both equilibrium and kinetic models of hydrate formation and
dissociation, and can handle any combination of the possible
hydrate dissociation mechanisms mentioned above. The code
accounts for heat and up to four mass components (i.e., water,
CH4, hydrate, and water-soluble inhibitors such as salts or
alcohols) that are partitioned among four possible phases (gas,
liquid, ice, or hydrate phases, which may exist individually or
in any of 12 possible combinations). 

ACCOMPLISHMENTS
In this study, we (1) analyze and compare the responses

simulated using both reaction models for natural gas produc-
tion from hydrates in various settings, and for the case of
depressurization in a hydrate-bearing core during extraction;
and (2) examine the sensitivity to factors such as initial hydrate
saturation, hydrate reaction surface area, and numerical dis-
cretization. An example of production in a Class 3 hydrate
accumulation undergoing depressurization is shown in Figure
1 for different initial values of hydrate saturation, and for a
decreasing amount of surface area available in the dissociation
reaction for both kinetic and equilibrium reaction models. We
find that for large-scale systems undergoing thermal stimula-
tion and depressurization, the long-term predictions for both
reaction models are remarkably similar, though some differ-
ences are observed at early times. However, for modeling
short-term processes, such as the rapid recovery of a hydrate-
bearing core, kinetic limitations can be important, and neglect-
ing them may lead to significant underprediction of recover-
able hydrate.

SIGNIFICANCE OF FINDINGS
Assuming validity of the most accurate kinetic reaction

model that is currently available, use of the equilibrium reac-
tion model appears to be justified in many cases and preferred
for simulating the behavior of gas hydrates, given that the com-
putational demands for the kinetic reaction model far exceed
those for the equilibrium reaction model. 

RELATED PUBLICATIONS
K o w a l s k y, M. B., and G. J. Moridis, Comparison of kinetic and

equilibrium reactions in simulating the behavior of gas
hydrates. LBNL-63357. Energy Conversion and Management,
48, 1850–1863, doi:10.1016/j.enconman.2007.01.017, 2007.

Moridis, G. J., and M. B. Kowalsky, Response of oceanic hydrate-
bearing sediments to thermal stresses.  LBNL-60150. SPE
Journal, 12(2), 253–268, doi:10.211 8 / 111 5 7 2 - PA, 2007.
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Figure 1. Effect of reaction area on early-time CH4 production in
Class 3 hydrate accumulation undergoing depressurization. The
responses for two different initial hydrate saturations are shown
in (a) and (b), respectively, for the equilibrium reaction model and
for the kinetic reaction model with a decreasing amount of surface
area available in the hydrate dissociation reaction.
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RESEARCH OBJECTIVES
The objective of this study is to evaluate the production

potential of marine Class 2 methane hydrate accumulations by
means of numerical simulation, and to develop appropriate
strategies for gas production.

APPROACH
Class 2 hydrate deposits com-

prise two zones: a hydrate-bearing
layer (zone) overlying a zone of
mobile water. The simulated system
is based in the “Tigershark” are a ,
located in the Alaminos Canyon
Block 818 of the Gulf of Mexico. Data
f rom an exploration well in 2,750 m
of water indicated the presence of a
thick, sandy hydrate layer, and pre-
liminary calculations suggested that
the base of the gas hydrate stability
zone occurs at or slightly below the
base of the hydrate-bearing layer. A
zone of mobile water underneath the
hydrate zone was assumed. 

D e p ressurization-induced disso-
ciation, enhanced by the near- i n c o m-
p ressibility of water, was selected as
the most promising gas pro d u c t i o n
strategy because of its simplicity and
its technical and economic eff e c t i v e-
ness. The code used in this study is TO U G H + H Y D R ATE, devel-
oped by Berkeley Lab staff with support from DOE-NETL. The
code can describe any combination of hydrate dissociation
mechanisms and can account for four mass components parti-
tioned among four possible phases (gas, liquid, ice, hydrate),
with a total of 15 unique phase states. Well configurations and
the rates of mass production evolved during the course of pro-
duction in response to system behavior. 

ACCOMPLISHMENTS
For all strategies, production at the well is characterized by

distinct cycles, with the end of each cycle marked by cavitation
(rapid pre s s u re drop at the well), caused by either secondary
hydrate blockages near the well or by the increasing participa-
tion of lower-density gas. This is remedied by warm seawater
injection to destroy any barrier (if it exists) and a reduction in the
total mass production rate. Gas production continuously
i n c reases during each cycle, with a corresponding reduction in

the water pro d u c t i o n .
Three productions strategies were evalu-

ated. The first involved a well completed

through the hydrate layer and into the zone of mobile water,
with the entire interval perforated for production. This method
resulted in the highest gas production rates, but was subject to

flow blockages by secondary
hydrate and ice formation. The sec-
ond involved a well with a produc-
tion interval below the base of the
hydrate. This strategy was also sub-
ject to secondary hydrate formation,
and production rates were limited
because of a well design that did not
access gas accumulated at the top of
the formation. The third method
combined features of the first two
cases, using a combination of electri-
cal heating to initiate pro d u c t i o n ,
warm seawater circulation during
continued production, and finally
the application of a novel well
design that combines warm seawa-
ter injection with a long production
interval to access the re m a i n i n g
hydrate and avoid blockages and
cavitation (see the related publica-
tion). Production with this process
proceeds in five stages (see figure):
initiation, increasing pro d u c t i o n ,
depletion, enhanced re c o v e r y

(through the novel well design), and exhaustion. This approach
is clearly superior to conventional production techniques for
production under the Tigershark reference conditions.

SIGNIFICANCE OF FINDINGS
This study demonstrates that gas can be produced at high

rates over long periods from Class 2 oceanic hydrate deposits,
using conventional technology, and can be further enhanced
through the use of novel production methods. 

RELATED PUBLICATION
Moridis, G.J., and M.T. Reagan, Gas production from Oceanic

Class 2 hydrate accumulations. LBNL-62757. OTC 18866,
Offshore Technology Conference, Houston, Texas, USA,
April 30–May 3, 2007.
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Figure 1. Rates of (a) hydrate-originating CH4 release in
the reservoir (red) and (b) CH4 production at the well
(blue) during production from a Class 2 oceanic hydrate
deposit using a novel wellbore design. The stages of pro-
duction and the average production rate (Qavg, in green)
over the simulation period are also shown.
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RESEARCH OBJECTIVES
The main objective of this study is to

evaluate the natural gas pro d u c t i o n
potential of marine Class 3 accumula-
tions and to determine the factors and
conditions affecting it. Class 3 accumu-
lations are composed of a single zone
bounded by confining strata, the
hydrate-bearing interval, with no
underlying zone of mobile fluids.
Previous studies have dismissed such
formations as targets for gas produc-
tion, but an appropriate choice of pro-
duction techniques allows us to re -
examine their viability.

APPROACH
The code used in this study is

TO U G H + H Y D R ATE, developed by
Berkeley Lab staff with support from
DOE-NETL. The model system is based
on the “Tigershark” area of the Gulf of
Mexico, where an exploration well in
2,750 m of water has indicated the pres-
ence of an 18.25 m thick sandy hydrate
layer. Previous studies have used ther-
mal stimulation, via electrical heating or
warm water injection, to induce dissoci-
ation in Class 3 deposits, but with dis-
appointing results. A new strategy uses constant-pressure pro-
duction to overcome the very low initial effective permeability
of the deposit, the uncertainty over the evolution of effective
permeability over time, and the lack of a mobile water zone.

ACCOMPLISHMENTS
The simulated gas production occurs in a cyclical pattern. Each

cycle consists of a long stage of increasing gas production, followed
by sharp production decline, followed by a re c o v e r y. This pattern
is repeated until the cessation of production. Peak production re g-
ularly exceeds 5 ST m3/s of CH4 (15 MMSCFD), and the average
gas production during the 6,000-day simulation period is 2.61 ST
m3/s (8.10 MMSCFD), with a total of 1.37 × 1 09 ST m3 (4.84 × 1 01 0

ST ft3) produced, all of which originated from the hydrate.
Recovery from each production decline occurs naturally, without
heating or fluid injection. Unlike conventional natural gas re s e r-
voirs, water production decreases continuously with time.

The figure shows the evolution of the spatial distribution of
hydrate saturation over time and provides an explanation for

the cyclical pattern. The pre c i p i t o u s
drops in production are caused by the
evolution of traveling dual barriers of sec-
ondary hydrate around the well. As gas
flows to the well, a cylindrical sheath of
secondary hydrate forms next to the
wellbore (Panel a). Because the inner
radius of the barrier is exposed to
intense depressurization, it dissociates,
but additional hydrate forms on its outer
radius, resulting in the appearance of a
traveling barrier (b). A second barrier
forms (c) and moves outward through
the previously described process (d).
The outer barrier is now shielded from
steep pressure gradients and begins to
dissociate through contact with the
warmer fluids behind it (d through f). As
time advances, new barriers appear and
disappear (g though k). Each of the tem-
porary drops in production occurs when
a new inner secondary hydrate barrier is
formed.

SIGNIFICANCE OF FINDINGS
This study demonstrates that large

volumes of hydrate-originating natural
gas can be produced at high rates over

long periods from Class 3 oceanic hydrate deposits. With
straightforward depressurization-induced dissociation and gas
production at constant pressure, secondary hydrate blockages
can be “self-healing” without additional heating or fluid injec-
tion. Hence, these deposits may be viable candidates for future
exploitation and development.

RELATED PUBLICATIONS
Moridis, G.J. and M.T. Reagan, Strategies for gas production

from Oceanic Class 3 hydrate accumulations. LBNL-62758.
OTC 18866, 2007 Off s h o re Technology Confere n c e ,
Houston, Texas, U.S.A., April 30–May 3, 2007.
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Figure 1. Evolution of spatial distribution of
hydrate saturation, SH, during gas production
from a Class 3 oceanic hydrate deposit, showing
the traveling barriers of secondary hydrate.
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RESEARCH OBJECTIVES
Transmission and reflection of seismic waves can be used to

monitor changes in in situ geological stresses on a fracture. For
example, an increase in normal stress (compression) can be
measured from an amplitude increase and a phase delay of the
transmitted wave. For monitoring shear stress, a less well-
known effect can be used: when an incoming wave is normal-
ly incident on a fracture, the amplitude and particle motions of
the transmitted and reflected waves with mode conversions
(compressional [P] waves to shear [S] waves, and vice versa)
change as a function of the magnitude and direction of shear-
ing on the fracture (Nakagawa et al., 2000). However, several
questions need to be answered before this effect can be used as
a practical tool for stress monitoring. These include: What is
the quantitative relationship between the magnitude of shear
stress and the conversions of the waves? What is the impact of
normal stress acting together with the shear stress? What is the
effect of nonlinear elastic and inelastic (frictional slips and fail-
ure) deformations of the fracture? And is there a precursor in
the converted waves before a slip along a fracture?

APPROACH
A series of laboratory seismic measurements was conducted

on both a natural rock sample and synthetic (aluminum and steel)
samples. (Sample diameter=10.16 cm, height=5.08 cm.) A s i n g l e ,
t h rough-going fracture was induced by tension in the rock sam-
ple. The metal samples contained a pair of sine-wave fracture sur-
faces (period=1.25 mm, peak-trough amplitude=250 mm). The
f r a c t u res were quasi-statically sheared under a constant normal
s t ress. The stresses were controlled using a small, bi-axial loading
machine capable of applying up to 5.5 MPa of both normal and
shear stresses on the fracture surface. For each combination of nor-
mal and shear stresses, converted S-waves and unconverted P-
waves transmitted through a fracture from an incident P-wave
(central frequency=500 kHz) were measured. 

ACCOMPLISHMENTSC
F rom an experiment using a natural rock sample (granite),

the amplitude of converted S-waves was found to increase non-
linearly with shear stress (Figure 1). Also, the magnitude of nor-
mal stress did not have a strong effect on the amplitude. At low
normal stresses, P-waves also showed small increases in ampli-
tude. However, at high stresses, the rate of increase re d u c e d ,
and the amplitude decreased for large shear stresses. A m e t a l
sample exhibited a somewhat diff e rent behavior, because sta-
ble, large slips occurred during shearing, owing to the smooth
(although not flat) surface of the machined fracture. Further, a

cyclic shearing of the fracture resulted in hys-
t e retic changes in the amplitude of converted

waves, which exhibited larger changes when the fracture sur-
face was sliding.

SIGNIFICANCE OF FINDINGS
The experiments indicate that the relationship between the

shear stress on a fracture and the amplitude of shear-induced,
mode-converted waves depends strongly on the mechanical
properties of the fracture. 

RELATED PUBLICATION
Nakagawa, S., K. T. Nihei, and L. R. Myer, Shear-induced con-

version of seismic waves across single fractures. Int. J. Rock
Mech. Min. Sci. & Geomech. A b s t r., 37(1–2), 203–218, 2000.
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Figure 1. Laboratory seismic wave transmission experiment dur-
ing bi-axial shear loading. Both normal and shear stresses were
applied to a granite cylinder containing a single, through-going
tensile fracture. Static deformations normal and parallel to the
fracture were also monitored during the experiment.
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RESEARCH OBJECTIVES
Rock is often permeated by compliant plane discontinuities

(such as fractures and faults) that, depending on their perme-
ability relative to the background, serve as either conduits or
barriers to subsurface fluid. The fluid permeability of a fracture
is often a key parameter, yet the quantitative relationship
between permeability and its effect on seismic wave scattering
is not fully understood. Strong scattering of seismic waves by a
fracture is usually related to large permeability, because an
open fracture with partial surface contacts has incre a s e d
mechanical compliance (deformability). However, if a fluid-
containing fracture is filled with debris, or a single fracture
consists of a large number of microcracks, complex interactions
between rock and pore fluid in the fracture result. In this
research, a simple mathematical model that captures the essen-
tial nature of solid-fluid interaction within a fracture is devel-
oped, to predict the effect of hydraulic permeability and other
fracture properties on seismic wave scattering.

APPROACH
We envision a fracture as a thin, flat, homogeneous poro-

elastic layer surrounded by homogeneous halfspaces. Starting
from the governing equations of poroelastic wave propagation,
the spatial gradient in the fracture-normal direction of the dis-
placement (or particle velocity), stress, and fluid pressure
induced by seismic waves are expressed using other wave field
variables. When accumulated (integrated) over the thickness of
the fracture, this gradient produces a finite jump (discontinu-
ity) in the field quantities. If this jump can be expressed using
only the wave-induced displacement and stress (and pressure)
on the surfaces of a fracture, we obtain a seismic boundary con-
dition. 

ACCOMPLISHMENTS
The derivation of the jump conditions resulted in a pair of

compact, coupled matrix equations for fast and slow compres-
sional (P) waves and a shear (S) wave. For a fracture thickness
much smaller than the wavelength of propagating seismic
waves, these jump conditions correctly capture frequency-
dependent changes in the poroelastic behavior of a fracture. A
further simplification of the equations resulted in a set of
boundary conditions that are a function of five fracture charac-
teristic parameters defined for a fluid-filled fracture (for a dry
fracture, there are only two—normal and shear fracture com-
pliances). One of the five parameters represents the fracture-

normal hydraulic permeability, but none is related to the frac-
ture-parallel permeability.

SIGNIFICANCE OF FINDINGS
The five characteristic parameters identified in the bound-

ary conditions govern the scattering of seismic waves by a
fluid-filled homogeneous fracture. Conversely, these are the
only quantities that can possibly be determined from seismic
measurements alone. An interesting and surprising finding is
that the scattering of seismic waves is insensitive to the frac-
ture-parallel permeability. (This was also confirmed using an
independent numerical modeling.) A further investigation is
under way to see if this is also true when the material proper-
ties within a fracture are heterogeneously distributed. 

RELATED PUBLICATION
Nakagawa, S., and M.A. Schoenberg, Poroelastic modeling of

seismic boundary conditions across a fracture. LBNL-60862.
J. Acoust. Soc. Am, 122(2), 831–847, 2007.
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(a) Normal incidence frequency
response. k0=10-16 m.

Figure 1. Transmission and reflection coefficients of a thin (1mm),
homogeneous fracture for incident Biot’s fast P-waves. The coeffi-
cients were computed using both an exact method and the simpli-
fied poroelastic fracture boundary conditions with the five charac-
teristic fracture parameters.

(b) 1 kHz angle-of-incidence response.
k0=10-16 m2
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RESEARCH OBJECTIVES
L a rge-scale controlled source electromagnetic (CSEM) 3-D

geophysical imaging is now receiving considerable attention for
mapping complex geological systems, with emphasis on map-
ping fluids associated with potential oil and gas and geothermal
reservoirs and subsurface contamination. When combined with
established seismic methods, direct imaging of reservoir fluids
is possible. While modeling in 1-D is relatively easy, and trial-
a n d - e r ror 3-D forward modeling is straightforward, 3-D imag-
ing is necessary in highly complex and subtle geological envi-
ronments. Faster 2-D CSEM imaging technology has some re l e-
vance to this problem, but because of its assumption of 2-D
g e o l o g y, it cannot be relied upon for a consistent treatment of
the 3-D imaging problem, especially when data are acquire d
specifically for a 3-D imaging experiment. Because of the size of
the 3-D CSEM imaging, problem strategies are re q u i red that
exploit computational parallelism and optimal meshing. 

APPROACH 
New techniques for improving both the computational and

imaging performance for 3-D electromagnetic (EM) inversion
have been developed. A nonlinear conjugate gradient algorithm
is the framework of the inversion scheme. Full wave equation
modeling for controlled sources is utilized for the data simula-
tion and efficient gradient computation needed for the iterative
model update. Improving the modeling efficiency of the 3-D
finite diff e rence method involves the separation of the poten-
tially large model mesh, defining the set of model parameters,
f rom the computational finite-diff e rence meshes used for field
solution. Meshing and thus overall mesh sizes can be re d u c e d
and optimized according to source, frequencies, and sourc e -
receiver offsets of a given input data set. Further computational
e fficiency is obtained by combining diff e rent levels of paral-
lelization over the model and data spaces, avoiding the per-
formance loss caused by computationally idle message-passing
when increasing the number of parallel tasks. Image enhance-
ment is achieved by model parameter transformation functions,
which enforce bounds on the conductivity parameters and thus

p revent parameter overshoots. Further, we have developed a
remedy for treating distorted data within the inversion pro c e s s .
Data distortions simulated here include positioning errors and
a highly conductive overburden, hiding the desired target sig-
nal. The methods are demonstrated using synthetic and field
d a t a .

ACCOMPLISHMENTS
In a recent imaging experiment, we have demonstrated the

power of our 3-D imaging approach, where 32,768
tasks/processors were utilized on the IBM Watson Research
Blue Gene/L supercomputer. Over a 24-hour period, we were
able to image a large-scale field data set that previously
required over four months of processing time on distributed
clusters, based on Intel or AMD processors utilizing 1024 tasks
on an Infiniband fabric. Results of the Blue Gene/L experiment
showed that the broadside inline component data displays a
systematic bias that could not be fit to a degree that is within
the anticipated noise level of the measurements; other field
components were satisfactorily fit. Modeling confirms that a
likely explanation for this outcome is the need to incorporate
conductivity that exhibits transverse anisotropy within the 3-D
model. The speed at which the Blue Gene/L platform delivered
this result is consistent with time frames required by practical
exploration problems.  

SIGNIFICANCE OF FINDINGS
We have made significant progress in reducing computa-

tional demands for solving large-scale, 3-D, electromagnetic
imaging problems.

ACKNOWLEDGMENTS
Funding for this work was provided by the ExxonMobil
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LARGE SCALE 3-D ELECTROMAGNETIC INVERSION PROBLEMS
Gregory A Newman and Michael Commer
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RESEARCH OBJECTIVES
The resource base for geothermal energy is enormous, but

commercial production of geothermal energy is currently lim-
ited to high-grade hydrothermal systems, in which naturally
present fracture networks permit fluid circulation, and allow
geothermal heat to be produced by tapping these hot fluids
through wellbores. The concept of “enhanced geothermal sys-
tems” (EGS) aims to extract geothermal energy from lower-
grade re s o u rces by stimulating fracture permeability and
extracting energy through a system of injection and production
boreholes. Previous attempts to develop EGS in the U.S. and
other countries have all employed water as heat transmission
fluid and have met with limited success. At geothermal tem-
peratures, water is a powerful solvent for many rock minerals,
which poses great difficulties in achieving and maintaining
water circulation at adequate rates. 

The purpose of this research was to explore an alternative
concept, first proposed by Donald Brown (2000), that would
use carbon dioxide (CO2) instead of water as a heat-transmis-
sion fluid.

APPROACH
Mathematical modeling capabilities for flow of water and

C O2 p reviously developed in the DOE geothermal and carbon
management programs were enhanced to permit application to
t e m p e r a t u res of up to 250ºC. These capabilities were used to eval-
uate and compare flow of water and CO2 in injection and pro d u c-
tion wells, and to analyze heat sweep in fractured reservoirs. 

ACCOMPLISHMENTS
At temperature and pressure conditions of interest, typical-

ly 200ºC and 500 bar, CO2 has far greater compressibility and
expansivity than water. As a consequence, for comparable
injection conditions, a CO2 production well would have far
greater wellhead pressure than a water production well. This
finding is very favorable, as it implies that EGS operated with
CO2 would require less pumping power than water to main-
tain fluid circulation, and may in fact achieve commercially
adequate flow rates without artificial pumping. CO2 also has
very favorable heat extraction characteristics. Figure 1 com-
pares numerically simulated heat extraction for a typical EGS
that would be operated either with water or with CO2. Heat
extraction rates with CO2 are seen to be approximately 50%
larger than with water.

SIGNIFICANCE OF FINDINGS
Initial evaluation of this novel concept—operating

enhanced geothermal systems with CO2—has shown very
promising results. In addition to favorable wellbore hydraulics
and reservoir heat extraction, inevitable fluid losses during

EGS operation provide opportunities for carbon storage in
CO2-driven systems, whereas in water systems, fluid losses
present a severe economic liability.

RELATED PUBLICATIONS
Pruess, K. and M. Azaroual, On the feasibility of using super-

critical CO2 as heat transmission fluid in an engineered hot
dry rock geothermal system. Proceedings, 31st Workshop
on Geothermal Reservoir Engineering, Stanford University,
Stanford, CA, January 30–February 1, 2006.

Pruess, K. Enhanced geothermal systems (EGS) using CO2 as
working fluid—A novel approach for generating renewable
e n e rgy with simultaneous sequestration of carbon.
Geothermics, 35(4), 351–367, August 2006.
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ENHANCED GEOTHERMAL SYSTEMS (EGS) USING CO2 AS WORKING FLUID
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Figure 1. Rate of net heat extraction (top) and cumulative heat
recovery (bottom) for a typical EGS reservoir, operated at (T, P) =
(200°C, 500 bar)



RESEARCH OBJECTIVES
The dissociation of accumulated oceanic gas-hydrate

deposits and the release of large quantities of methane—a pow-
erful greenhouse gas—over a short period of time could have
dramatic climatic consequences, leading to further atmospher-
ic and oceanic warming and accelerated decomposition of the
remaining hydrates. This positive-feedback mechanism has
been proposed as a significant contributor to rapid and signifi-
cant climate changes in the past. However, the behavior of con-
temporary oceanic methane-hydrate deposits subjected to
rapid temperature changes, like those predicted under future
climate change scenarios, is poorly understood. In this study,
we simulated the dynamic response of several types of oceanic
gas-hydrate accumulations to temperature changes at the
seafloor and assessed the potential for methane release into the
ecosystem.

APPROACH
The amount of methane hydrate currently residing in the

deep ocean and along continental margins is estimated to be
from 500 billion to over 3,000 billion tons. In oceanic deposits,
hydrate stability depends on the pressure (imposed by the
water depth) and temperature. Figure 1 presents a general
schematic of the hydrate-phase boundary (red) and gas-
hydrate stability zone (GHSZ) for oceanic hydrates (shaded
area). An increase in water temperature at the seafloor (a shift
from Temperature Profile 1 to Profile 2) lowers the position of
the top of the GHSZ (A) and raises the position of the bottom
of the GHSZ (B). Such a shift could induce hydrate dissociation
and lead to the release of methane into the ocean and atmos-
phere.

We modeled oceanic hydrate deposits under a range of
depths and temperatures, using the TOUGH+HYDRATE code.
We simulated temperature increases of 1ºC to 5ºC over a 100 yr
simulation period, representing possible changes in seafloor
temperature as predicted by advanced climate simulators, and
determined the dynamic evolution of dissociating hydrates
and the transport of released methane through benthic sedi-
ments to the seafloor.

ACCOMPLISHMENTS
The simulations found that deep, cold hydrates at 1,000 m or

g reater depth are stable under all anticipated temperature -
change scenarios, and methane release was insignificant.
Wa r m e r, shallower hydrate deposits, re p resentative of Gulf of
Mexico formations, exhibited a stronger response, producing sig-
nificant aqueous and gaseous fluxes of methane. These fluxes,

h o w e v e r, were within the range of anaero b i c
methane oxidation rates in benthic sediments.

A s h a l l o w, cold hydrate deposit, re p resentative of the arctic con-
tinental shelf, exhibited the strongest response, with explosive
releases of methane, primarily in the gaseous phase, at rates that
g reatly exceed possible chemical or biological consumption.

SIGNIFICANCE OF FINDINGS
These results indicate that while many deep oceanic

hydrate deposits are indeed stable under the influence of sig-
nificant temperature variations, shallow deposits, such as those
found in arctic regions or in the Gulf of Mexico, can undergo
rapid dissociation and release large quantities of carbon. In arc-
tic regions in particular, temperature changes are expected to
be more pronounced, increasing the risk of hydrate destabiliza-
tion even further. These simulations can provide a source term
to global climate models, yielding a prediction of the possible
effects of oceanic hydrate decomposition on global climate. 

ACKNOWLEDGMENTS
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OCEANIC GAS-HYDRATE INSTABILITY AND DISSOCIATION
UNDER CLIMATE CHANGE SCENARIOS

Matthew T. Reagan and George J. Moridis
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Figure 1. Schematic of the gas hydrate stability zone in the seafloor
environment and its relationship to ocean temperature changes
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RESEARCH OBJECTIVES

Several methods are being considered for production of gas
from hydrate-bearing sediments (HBS), including depressur-
ization, thermal methods, and inhibitor injection. However,
methane hydrate drilling and production operation may pose
a significant hazard, because thermal and mechanical loading
can result in hydrate dissociation and a significant pressure
increase, with potentially adverse consequences on wellbore
stability and the structural integrity and stability of the HBS.
The objective of this research project is to build a simulator that
can be used for scientific and engineering analyses of hydrate
stability, including well bore and seafloor stability during pro-
duction from oceanic hydrate formations.

APPROACH
The starting point of our approach is the

TOUGH+HYDRATE simulator, which is an advanced code
currently available for the simulation of multiphase flow sys-
tem behavior in geological media containing gas hydrates. To
consider geomechanical effects, the TOUGH+HYDRATE has
been coupled with FLAC3D, a code widely used for soil and
rock mechanics engineering, and for scientific research in aca-
demia. The two codes, TOUGH+HYDRATE and FLAC3D, are
linked through a coupled thermal-hydro l o g i c a l - m e c h a n i c a l
(THM) model of the HBS (Figure 1). Based on the coupled
THM model, coupling functions are developed that serve to
pass relevant parameters between the multiphase heat and
transport analysis in TOUGH+HYDRATE and the geomechan-
ical stress-strain analysis in FLAC3D.

ACCOMPLISHMENTS
The first version of the simulator is now fully operational

and is currently being tested on a suite of problems related to
geomechanical behavior of the HBS (Rutqvist and Moridis,
2007). The first involves hydrate heating as warm fluids from
deeper conventional reservoirs ascend to the ocean floor,
through uninsulated pipes intersecting the HBS. The second
case describes system response during gas production from a
hydrate deposit, and the third involves mechanical loading
caused by the weight of structures placed on hydrate-bearing
sediments at the ocean floor. Our simulation results indicate
that the stability of HBS in the vicinity of warm pipes may be

significantly affected, especially if the sediments are unconsol-
idated and more compressible. Gas production from oceanic
deposits may also affect the geomechanical stability of HBS
under the conditions that are deemed desirable for production.
Conversely, the increased pressure caused by the weight of
structures on the ocean floor increases the stability of hydrates.

SIGNIFICANCE OF FINDINGS
Methane hydrates occur naturally off s h o re in shallow

depths below the ocean floor and onshore beneath the per-
mafrost. They contain enormous quantities of methane gas,
which if economically producible will have significant implica-
tions for U.S. energy security. The developed numerical model
provides a state-of-the-art numerical tool for analyzing geome-
chanical hazards and optimizing production from hydrate-
bearing sediments.

RELATED PUBLICATIONS
Rutqvist, J. and G. Moridis, Numerical studies on the geome-

chanical stability of hydrate-bearing sediments. OTC-18860,
P resented at the 2007 Off s h o re Technology Conference held
in Houston, Texas, U.S.A., April 30–May 3, 2007.
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A NUMERICAL MODEL FOR ANALYSIS OF THE GEOMECHANICAL PERFORMANCE OF
HYDRATE-BEARING SEDIMENTS

Jonny Rutqvist and George Moridis
Contact: Jonny Rutqvist, 510/486-5432, jrutqvist@lbl.gov 

Figure 1. Linking of TOUGH+HYDRATE with FLAC3D for ana-
lyzing the geomechanical behavior of the HBS.



RESEARCH OBJECTIVES
The Geysers Geothermal Field in

Northern California is the site of the largest
geothermal electricity generating operation in
the world. It is also one of the most seismical-
ly active regions in California. At The
Geysers, water injection into the steam-domi-
nated reservoir is necessary to maintain reser-
voir pre s s u re and economical pro d u c t i o n .
However, an increasing injection rate over the
years has also resulted in an increased level of
seismicity, which has raised concern in the
local communities. The purpose of this study
is to investigate the causes and mechanisms
of seismicity at the Geysers and to develop
injection and production strategies that mini-
mize induced seismicity while maximizing
energy recovery.

APPROACH
The approach we take is numerical simula-

tion, using coupled hydrogeomechanical mod-
els for the reservoir based on TOUGH2 and
TOUGH-FLAC. Simulation results are inte-
grated with observations from expanded seis-
mic arrays and satellite-based surface strain at The Geysers. The
c o u p l e d - reservoir geomechanical analysis described herein is
used to calculate the time evolution of the thre e - d i m e n s i o n a l
s t ress field during steam production and cold-water injection,
and to evaluate the potential evolution and distribution of micro -
earthquakes (MEQs) using various failure criteria. An important
aspect of the analysis is the concept of a rock mass that is critical-
ly stressed for shear failure, conditions under which very small
perturbations of the stress field can trigger seismicity. 

ACCOMPLISHMENTS
We have conducted numerical simulations to analyze the

potential for induced seismicity during both steam pro d u c t i o n
and cold-water injection. Figure 1 shows injection-induced high
potential for failure indicated by orange and yellow contours
occurring near the injection well and in a plume at a distance
several kilometers below in the injection well. This is consistent

with the pattern of injection-induced seis-
micity observed at The Geysers. Overall,
our analysis shows that the most important
cause for injection-induced seismicity at The
Geysers is injection-induced cooling and
associated thermal-elastic shrinkage, which
changes the stress state in such a way that
mechanical failure and seismicity can be
induced. Specifically, the cooling shrinkage
results in unloading and associated loss of
shear strength in critically shear- s t re s s e d
f r a c t u res, which are then reactivated. 

SIGNIFICANCE OF FINDINGS
With an understanding of the mecha-

nism of induced seismicity at the Geysers
identified through numerical simulation,
we are now in a position to simulate reser-
voir operations that minimize induced seis-
micity. The ability to reduce MEQs associat-
ed with enhanced geothermal systems
(EGS) is important for public acceptance
and for optimizing energy production. 

RELATED PUBLICATIONS
Rutqvist, J., E. Majer,  C. Oldenburg, J. Peterson J., and D. Va s c o ,

Integrated modeling and field study of potential mechanisms
for induced seismicity at The Geysers Geothermal Field,
California. GRC Transactions, 30, 629–633, 2006.

Rutqvist, J. and C. Oldenburg, Analysis of cause and mechanism
for injection-induced seismicity at the Geysers Geothermal
Field, California Geothermal Research Council, A n n u a l
Meeting, Sparks, Nevada, September 30–October 3, 2007.
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SIMULATIONS OF INDUCED SEISMICITY BY INJECTION AND PRODUCTION
AT THE GEYSERS GEOTHERMAL FIELD

Jonny Rutqvist and Curtis M. Oldenburg
Contact: Jonny Rutqvist, 510/486-5432, jrutqvist@lbl.gov

F i g u re 1. Simulated distribution of
potential failure after 6 months of sea-
sonally varied injection. Yellow and red
contours show areas where effective
stress changes have moved into a state
of failure indicating high potential for
induced seismicity.



RESEARCH OBJECTIVES
A number of important geochemical reactions are activated

by electron transfer at mineral surfaces. Processes include
reductive and oxidative dissolution, coupled redox-sorption of
complexes, respiration of surface-associated biota, photoacti-
vated reactions, and electrochemical cell reactions. Our
research focuses on electron-transfer-initiated dissolution reac-
tions, which are particularly important processes in the gener-
ation of acid mine drainage and resultant pollutant transfer in
the environment. The crucial electron transfer step is faster
than can be studied by currently available means, but the series
of succeeding relaxation steps can be probed to elucidate much
of the reaction mechanism. 

APPROACH
In reductive dissolution processes, electrons are transferred

from solution species via shared surface ligands to surface
metal ions, like Fe(III), producing surface Fe(II) species. The
Fe(II)-O bonds at the surface must lengthen from this reaction,
introducing surface vibrations and a general expansion of the
surface. This localized strain may act to limit the density of
Fe(II) that can be produced at the surface, depending on the
rate of electron transfer within the mineral. We wish to meas-
ure the rate of Fe(II) buildup on Fe oxide surfaces and the ulti-
mate concentration limit, as well as surface and bulk conduc-
tion rates. We are conducting such experiments at the
Advanced Photon Source at Argonne National Laboratory (and
soon also at the Advanced Light Source at Berkeley Lab), start-
ing with observations of Fe(II) creation from a photostimulated
ligand attached to Fe oxide nanoparticles and single crystal
surfaces. A femtosecond laser system activates electron transfer
from the ligand, and the synchrotron x-rays detect the result at
variable delay times after the excitation. This is a “pump-
probe” experiment.

ACCOMPLISHMENTS
Our first static experiments at the APS beamline 13ID

showed proof of concept with respect to electron injection from
the organic ligand alizarin red into the (1-102) hematite surface.
A significant amount of surface Fe(II) (Figure 1) is produced
within minutes of exposure to the dye. We observe the Fe(II) by
collecting surface diffraction data via the (10L) crystal trunca-
tion rod. Collection of complete data sets will enable refine-
ment of the electronic configuration of the excited hematite
surface, and this process can be done as a function of time-
delay to detect the time-resolved progress of charge migration
and relaxation. Our first time-resolved experiments at the APS
beamline 11-ID showed measurable Fe(II) creation in 2 nm
maghemite nanoparticles coated with eosin Y surface ligands

with a time delay of 154 ns. In these experiments, the nanopar-
ticles were studied in recycled suspension, and the near Fe K-
edge x-ray absorption spectra was collected.  

SIGNIFICANCE OF FINDINGS
The static results on large single crystal hematite surfaces

demonstrate the sensitivity of the CTR method to the presence
of reduced surface atoms. We observe that significant concen-
trations of Fe(II) are stable for long time periods, but that con-
trol of the injection process may be difficult. The time-resolved
nanoparticle results show that varied ligands can have much
different injection probability, and that beam damage (either
from laser or x-rays) may have a significant effect on nanopar-
ticle structure or chemistry. Both issues will be investigated in
the next series of experiments.

ACKNOWLEDGMENTS
This work was supported by the Director, Office of Science,

Office of Basic Energy Sciences, Division of Chemical Sciences,
Geosciences, and Biosciences, of the U.S. Department of Energy
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IMAGING ELECTRONIC AND ATOMIC REDISTRIBUTION
DURING REDOX REACTIONS AT SURFACES

Glenn Waychunas, Ben Gilbert, Roger Falcone, Jillian Banfield, Klaus Attenkofer, and Robert Schoenlein
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Figure 1. (10L) crystal truncation rod measured for the bare
hematite (1-102) surface without alizarin red sorption (circles),
and after 10-minute exposure to alizarin red solution in ambient
light (red asterisks). The features at L=-1.6, 1.6 are due to surface
Fe(II).



The key driver for the Environmental Remediation and
Water Resources Program (ERWR) within ESD is to provide the
scientific foundation needed to guide the management of our
shallow subsurface contaminants and resources. Over the last
decade, it has become increasingly clear that if we are to face
the environmental and water challenges of the future, we must
view the earth as a complex system, one that includes many
components that are coupled and highly dynamic over various
spatial and temporal scales. 

The DOE is responsible for the environmental health of over
140 waste sites across the United States, created from the pro-
duction and testing of nuclear weapons. Metals and many
radionuclides pose particularly daunting remediation chal-
lenges for DOE at these sites because, unlike organic contami-
nants, they do not irreversibly degrade to benign products (or
only do so through very slow radioactive decay). Because under-
standing the complexity of the subsurface systems is a pre re q u i-
site to successful stewardship at these waste sites, a significant
fraction of the re s e a rch within the ERWR program focuses on
investigating, measuring, and predicting coupled physical, geo-
chemical, and microbiological processes that govern contami-
nant fate and transport and that impact remediation eff i c a c y. 

The inability to accurately measure and predict water cycle
phenomena hinders our ability to effectively inform water
resources management and policy. Because adequate and clean
water resources are particularly important for the vitality of
water-stressed regions such as California, much of the water-

resources research performed in the ERWR focuses on develop-
ment of techniques and insights that will lead to better man-
agement of California water resources. In addition to State
water issues, the DOE is responsible for promoting America’s
energy security, while at the same time protecting the environ-
ment—this necessitates water-related research. For example, as
worries over the world energy crisis and climate change inten-
sify, the link between such issues and water is becoming ever
more apparent and is leading to various challenges. The ener-
gy demand for generating and distributing clean water is
tremendous; so too is the water demand for generating conven-
tional and sustainable energy and biofuels. Although water
issues are currently only a small fraction of the ERWR research
portfolio, we anticipate more emphasis on research in this area,
as both energy and water needs continue to increase.

Brief descriptions of re s e a rch advances within the
Environmental Remediation and Water Resources Program are
given below.

ENVIRONMENTAL REMEDIATION
ESD scientists participating in the ERWR conduct multidis-

ciplinary environmental research using theoretical, characteri-
zation, modeling, and experimental approaches that range
from the molecular to the field scale. The synergy offered by
the ensemble of competencies within the ESD facilitates inves-
tigation of complex natural systems. Many of the projects with-
in the ERWR are associated with one of the following four
themes:

• Development of advanced approaches for characterizing
and predicting subsurface biological, hydrological, and
geochemical properties and processes at the molecular to
field scales

• Improved understanding of mechanisms and rates asso-
ciated with complex subsurface system processes

• Improved understanding of the impact of subsurface sys-
tem complexity on contaminant distribution and remedi-
ation efficacy

• Development of a basis for in situ remediation, especial-
ly for metals and radionuclides that respond to redox
manipulation and microbial community stimulation.

• Development of remote approaches for detecting and
discriminating unexploded ordnance (UXOs)
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Environmental Remediation and
Water Resources Program Overview

ESD scientists within the ERWR program have re c e n t l y
developed novel approaches that can be used to characterize
m i c robial properties and processes, and to monitor how they
change in response to environmental perturbations. ERWR sci-
entists have combined phylogenetic  and functional gene arrays
to identify mechanisms of chromium immobilization via bios-
timulation, and have demonstrated the impact of electro n - d o n o r
supply on microbial community development. ERW R
re s e a rchers have developed techniques for large-scale extro-
mophile production needed for protein complex analysis, and
have developed a community database and web application that
permits exploration of the microbial community stru c t u re to dis-
ease states and environmental factors. Many of these studies
w e re performed in collaboration with the Virtual Institute of
M i c robial Stress and Survival (VIMSS), which is based at
Berkeley Lab and which seeks to identify stre s s - response path-
ways of microbes important for environmental remediation. 

Through development of novel synchrotron and isotopic
methods, ERWR scientists have quantified mechanisms and
rates associated with contaminant transport and cleanup
p rocesses. Grazing incidence small angle x-ray scattering
approaches have been used to elucidate the mechanism and
kinetics of early environmental nanoparticle growth; synchro-
tron Fourier transform infrared methods have been used to
explore iron biomineralization processes. Carbon isotopic com-
positions of dissolved methane and inorganic carbon were
used to indicate the biodegradation potential in regions down-
gradient from a trichlorethene plume at the Idaho National
Laboratory. ERWR researchers have used time-lapse sulfur iso-
topes to elucidate the timing and mechanism of sulfate reduc-
tion that occurred during bioremediation of a uranium-con-
taminated aquifer, and have used isotopic signatures to infer
the origin of 99Tc in Hanford groundwater.

E RWR re s e a rchers have advanced the use of geophysical
a p p roaches for characterizing subsurface hydro g e o l o g i c a l
p roperties and for monitoring biogeochemical processes associ-
ated with remediation efforts. Spectral induced polarization
and spontaneous potential methods were used to track the pro-
duction of iron sulfides and the subsurface regions of active
metabolism, re s p e c t i v e l y, during a local field-scale uranium
biostimulation experiment. A stochastic framework was devel-
oped to permit the quantitative estimation of biogeochemical
e n d - p roducts using time-lapse geophysical datasets and petro-
physical relationships. Development of analytical and numeri-
cal inversion approaches for interpreting complex, time-lapse
conservative tracer bre a k t h rough datasets both highlighted
how biogeochemical products associated with remedial tre a t-
ments can alter flow characteristics at the local field scale.
Recognizing the need to provide quantitative information about
subsurface properties and objects over plume-relevant scales,
E RWR scientists have developed a framework for integration of

multiscale hydrological data and have developed the Berkeley
U n e x p l o d e d - o rdnance (UXO) Discriminator (BUD) field instru-
ment that uses electromagnetic approaches. Their studies
describe how BUD can diff e rentiate (in real time) buried UXO
f rom harmless metal and determine the location, size, and
shape of such potential explosives. This instrument has won
several accolades, including the 2007 “R&D 100” award for
technology advances from R&D Magazine.

Laboratory and field studies conducted by ERWR scientists
have revealed phenomena that have significant implications
for contaminant transport and development of sustainable
remediation strategies at many contaminated DOE sites.
Column-profiling studies, designed to mimic the leakage of
highly saline and alkaline radioactive waste solutions from
Hanford storage tanks into sediments, revealed that the trans-
port of uranium was strongly dependent on flow rate, and that
conventional predictions based on equilibrium Kd partitioning
of uranium would greatly underestimate the extent of plume
migration. Column studies on sediments from the Oak Ridge
National Laboratory Integrated Field-Scale Subsurface
Research Challenges (IFC) site revealed that organic carbon-
induced uranium reduction in sediments can exhibit rapid
early stage reduction followed by transient uranium oxidation,
and that the reoxidation can be facilitated by high concentra-
tions of Fe(III). ERWR scientists have recently assessed the
potential for immobilizing and detoxifying chromium-Cr(VI)-
contaminated groundwater at the Hanford Site using lactate-
stimulated bioreduction. Microbial, geophysical, and geochem-
ical analysis of groundwater, coupled with stable isotope mon-
itoring, permitted accurate tracking of microbial processes dur-
ing this field treatabilty study. This study also confirmed that
Cr(VI) was successfully removed from groundwater at the site
and that concentrations of Cr(VI) remained below drinking
water standards for several years after injection. Such studies
reveal the benefits of interdisciplinary approaches for investi-
gating and manipulating complex earth systems.

Several conceptual and numerical models have been devel-
oped to investigate contaminant transport and reactivity in nat-
ural and engineered environments. ERWR scientists have inte-
grated the coupled effects of microbial Fe-oxide reductive disso-
lution, biogeneic sulfide production, and metal sorption
t h rough the use of a full-surface-complexation model under
redox disequilibrium to develop insights about important bio-
geochemical processes that affect the cycling of metals in lacus-
trine environments. The fate and transport of tritium within a
c o n s t ructed underg round beamline facility was documented
using numerical solutions supported by laboratory studies and
data analysis. This study identified the main mechanisms of tri-
tium transport through the engineered and surrounding frac-
t u red rock environment, and can be used to implement beam-
line design changes or mitigation measures, if necessary.

Earth Sciences Division
Berkeley Lab

Research Summaries
2006-2007

2



Environmental Remediation and Water Resources Program
Earth Sciences Division
Berkeley Lab

Research Summaries
2006-2007

1

RESEARCH OBJECTIVES
During a field-scale chromium treatability study at the

Department of Energy Hanford 100-H site, WA, a single dose
of a slow-release electron-donor hydrogen-release compound
(HRC) was applied to a contaminated aquifer to stimulate
m i c robial reductive precipitation of hexavalent chro m i u m
Cr(VI). Here, we present an analysis of
microarray-based prokaryotic population
dynamics and correlations with geo-
chemical observations following this
application over two years. 

APPROACH
A high-density 16S rRNA phylogenet-

ic microarray (PhyloChip) and a func-
tional gene array (FGA) were used to
analyze groundwater samples from mul-
tiple depths in injection and monitoring
wells taken at intervals pre- and post-
HRC injection. Following filtration,
genomic DNA was extracted and poly-
merase chain reaction (PCR) amplicons
or MDA-amplified community-DNA
were analyzed by microarray hybridiza-
tion. A range of geochemical and geo-
physical parameters were also moni-
tored. 

ACCOMPLISHMENTS
Following HRC injection, re d u c i n g

conditions had rapidly established with a
corresponding decline in DO, Eh, and
nitrate. Cr(VI) concentrations declined
steadily over 6 weeks and re m a i n e d
below upgradient concentrations.
Microbial biomass was stimulated by two
o rders of magnitude (Figure 1a).
PhyloChip data demonstrated depth-
stratified microbial communities with
temporal shifts in composition corre-
sponding with observed geochemistry. A
sustained enrichment of iron (Figure 1c)
and sulfate reducing bacteria (Figure 1b)
was observed, suggesting indirect chromium immobilization
through interaction with reactive iron or sulfide by-products.
Nitrate reducers such as Pseudomonas also remained elevated

over the two years, and FGA array data demonstrated a sus-
tained enrichment of Pseudomonas chromate reductase genes,
suggesting that direct reduction of chromate may also be sig-
nificant in chromium immobilization. Based on this data,
organisms representing each of these functional groups have

been isolated and characterized. 

SIGNIFICANCE OF FINDINGS
The combination of phylogenetic and

functional gene arrays represents a com-
plementary high-throughput approach to
elucidating mechanisms responsible for
contaminant immobilization in the sub-
surface. In this study, we used this
approach to identify the microorganisms
contributing to both direct and indirect
mechanisms of chromium immobilization
at the Hanford 100-H site, following a sin-
gle-injection of polylactate electron donor.

RELATED PUBLICATIONS
DeSantis, T.Z., E.L. Brodie, J.P. Moberg,

I.X. Zubieta, Y.M. Piceno, and G.L.
Andersen, High-density universal 16S
r R N A m i c roarray analysis re v e a l s
b roader diversity than typical clone
library when sampling the enviro n-
ment. Microb. Ecol. 53, 371–383, 2007.

Brodie, E.L., T.Z. DeSantis, Y.M. Piceno,
and G. L. Andersen, High-density DNA
m i c roarray analysis for monitoring
microbial community composition and
dynamics. In: Molecular Micro b i a l
Ecology Manual. 3rd edition,
G.A.Kowalchuk, ed., Kluwer Academic
Publishers, A m s t e rdam, The
Netherlands, 2007.
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Figure 1. (a) Enrichment of microbial cells in
Hanford groundwater following polylactate
injection; (b) PhyloChip microarray intensity
for sulfate-reducing Desulfovibrio spp. fol-
lowing polylactate injection; (c) PhyloChip
m i c roarray intensity for iro n - re d u c i n g
Geobacter spp. following polylactate injec-
tion.
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RESEARCH OBJECTIVES
Enhanced reductive precipitation of U(VI) through stimula-

tion of indigenous microorganisms is an attractive, low-cost
strategy for in situ remediation of contaminated groundwaters
and sediments. However, our previous long-term column stud-
ies demonstrated that after an initial period of U(VI) reduction
and immobilization, reoxidation of U(IV) and remobilization of
U(VI) occurred. The rate of organic carbon (OC) supply deter-
mines not only the amount of electron donor available for
bioreduction of U(VI), but also affects the resulting concentra-
tion of aqueous (bi)carbonate generated by microbial respira-
tion. Increased (bi)carbonate concentrations drive aqueous
U(VI) concentrations to higher levels through formation of sta-
ble U(VI) carbonato complexes, including Ca2UO2(CO3)3(aq),
and make U(IV) oxidation under reducing conditions favor-
able. We are currently investigating the effects of various OC
forms and supply rates on the long-term stability of bioreduced
U, and on the dynamics of the resulting microbial communities
in relation to U redox changes.

APPROACH
Our current studies are being conducted using historically

U-contaminated sediments from Area 2 of the Field Research
C e n t e r, Oak Ridge National Laboratory, in flow-thro u g h
columns. Microbial communities were stimulated by the addi-
tion of OC supplied as either acetate or lactate at four different
concentrations (100 mM, 30 mM, 10 mM, 3 mM OC equiva-
lents). Columns were sampled at two time points. In the
columns receiving 100 or 30 mM OC, the time points corre-

spond to a phase of net U-reduction and a later phase of U(IV)
reoxidation and U(VI) remobilization. DNA was extracted
from columns, 16S rRNA genes were amplified, and the micro-
bial composition was analyzed using a high-density phyloge-
netic microarray (PhyloChip).

ACCOMPLISHMENTS
It was observed that lactate and acetate supplied at equiva-

lent rates have a similar impact on uranium mobility with
higher OC, resulting in re-oxidation of U(IV) after an initial
period of U(VI) reduction. Similarly, it was demonstrated that
organic carbon (OC) supply rate, not OC form, had the largest
impact on microbial community structure (Figure 1). The
diversity (richness) of bacterial and archaeal communities
increased over time, with those receiving the fermentable OC
form (lactate) having higher initial richness. Closer examina-
tion of the bacterial community composition demonstrated the
presence of known metal/U-reducing bacteria in all columns at
all time points; however, the dynamics of these organisms var-
ied with both organic carbon supply rate and form.

SIGNIFICANCE OF FINDINGS
This data demonstrates that the initial rate of electron

donor supply during heavy metal remediation stro n g l y
impacts microbial community development. Uranium remobi-
lization occurred irrespective of electron donor form, and
occurred despite the presence of multiple species of metal-
reducing bacteria.

RELATED PUBLICATIONS
Brodie, E.L., T.Z. DeSantis, D.C. Joyner, S. Baek, J.T. Larsen,

G.L. Andersen, T.C. Hazen, D.J. Herman, T.K. Tokunaga,
J.M. Wan, and M.K. Firestone,Application of a high-density
oligonucleotide microarray approach to study bacterial
population dynamics during uranium reduction and reoxi-
dation. Appl. Environ. Microbiol. 72, 6288–6298, 2006.

Wan, J. M., T.K.Tokunaga, E. Brodie, Z.M. Wang, Z.P. Zheng, D.
Herman, T.C. Hazen, M.K. Firestone, and S.R. Sutton,
Reoxidation of bioreduced uranium under reducing condi-
tions. Environ. Sci. Technol., 39, 6162–6169, 2005.
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F i g u re 1. Hierarchical cluster analysis of PhyloChip microarray data
showing electron donor (OC) concentration as the major factor distin-
guishing bacterial community composition. Numbers correspond to
carbon concentration (3, 10, 30, 100 mM), L = lactate, A = acetate, T1 =
sample taken during reduction phase in high OC columns, T2 = sam-
ple taken during re-oxidation phase in high OC columns.
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POPULATION DYNAMICS DURING URANIUM REDUCTION AND REMOBILIZATION
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RESEARCH OBJECTIVES
Understanding the microbial processes by which wood-

ingesting insects derive energy may aid large-scale conversion of
lignocellulosic biomass into biofuel. We examined the pro k a r y-
otic biome of the wood-eating passalid beetle, Odontotaenius dis -
j u n c t u s , with a 500,000-probe PhyloChip targeting multiple
unique regions of the 16S rRNA gene. This passalid beetle has
developed a symbiotic relationship with microbes to survive on
a low-nitrogen diet that re q u i res micro b i a l - c o m m u n i t y - d e r i v e d
enzymes to digest the complex polysaccharides and lignins of
plant cell walls. The adult gut of this approximately 3 cm beetle
is over 10 cm in length and consists of four morphologically dis-
tinct sections, the foregut (FG), midgut (MG), anterior hindgut
(AHG), and posterior hindgut (PHG). The fungal composition of
these gut regions has been extensively studied, and micro s c o p y
has demonstrated a morphologically diverse bacterial popula-
tion in the hindgut. Relatively little, however, is known about
the bacterial or archaeal diversity, which likely contributes key
enzymes for lignocellulose processing, in addition to fixing
atmospheric nitrogen for host nutrition.

APPROACH
To perform an in-depth census of the prokaryotic composition

of each gut region, we used a high-density (500,000-probe) 16S
r R N A m i c roarray (PhyloChip) to screen for the presence and re l-
ative abundance of most known prokaryotes in a massively par-
allel assay. Living passalid adults were fed fresh hardwood chips
for over one month before aseptic dissection of the gut and sepa-
ration into the four sections. Sections were preserved and nucleic
acids extracted from gut homogenates. Bacterial and archaeal 16S
r R N A genes were amplified separately. The amplified pro d u c t s
for each sample were quantified, pooled, fragmented, biotin-
labeled, and hybridized for 16 h to the PhyloChip.  

ACCOMPLISHMENTS
Analysis of bacterial composition demonstrated that across

the same gut region, composition was highly similar across
multiple individuals, while most gut regions were distinct. The
AHG had the most unique composition, with higher relative
abundance of clostridia, Bacteroidetes, sulfate reducers, and
potentially nitrogen-fixing spirochetes. The AHG was the only
location where methanogens were detected. Earlier microscop-
ic work has shown that bacteria in this section form a solid sur-
face biofilm. By contrast, the MG and PHG from individual
beetles clustered tightly and contained higher proportions of
alpha-proteobacteria and lactobacilli. 

SIGNIFICANCE OF FINDINGS
This study represents the first comprehensive view of the

passalid beetle gut bacterial and archaeal population. It has
revealed a diverse community that is compartmentalized in
terms of composition and likely function. The co-occurrence of
anaerobic and aerobic processes within gut regions suggests
existence of oxygen and/or hydrogen gradients along which
microbial species partition themselves. This study represents
the first steps to understand how these isolated populations, in
one of nature’s most efficient biorefineries, interact to decon-
struct cellulosic materials.

ACKNOWLEDGMENTS
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Figure 1. Hierarchical cluster analysis of PhyloChip microarray
data demonstrating the compartmentalization of microbial popu-
lations within the passalid beetle gut
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RESEARCH OBJECTIVES
The Virtual Institute for Microbial Stress and Survival (VIMSS,

http://vimss.lbl.gov/) investigates stress response pathways in
model organisms for the remediation of heavy metals and
radionuclides in groundwater at DOE sites.  The Protein Complex
Analysis Project (PCAP, http://pcap.lbl.gov/), a subproject of
VIMSS, focuses on high-throughput analysis of microbial pro t e i n
complexes in the anaerobic, sulfate-reducing organism,
Desulfovibrio vulgaris H i l d e n b o rough (DvH). Large volumes of
c u l t u re of consistent quality are needed because of the re l a t i v e l y
low cell density of DvH cultures (one order of magnitude lower
than E. coli, for example) and PCAP’s challenge to characterize
low-abundance membrane proteins. In this summary, we describe
our unique application of continuous flow fermentors to pro d u c e
the large quantities of extremophile biomass re q u i red for PCAP.

APPROACH 
Large-scale production of DvH presents several challenges.

The organism is a metal reducer, and produces hydrogen sul-
fide, which is corrosive to the stainless steel parts of standard
fermentors. Because the production volumes preclude working
either in an anaerobic chamber or in a biosafety cabinet, we
designed a benchtop system that could maintain anaerobic
conditions and prevent contamination. Our facility has four 5-
liter volume fermentors, which were custom-manufactured
with nonmetallic wetted parts by Electrolab, UK. The fermen-
tors are equipped with temperature and pH control, and redox-
potential monitoring. To maintain anaerobic conditions, the
fermentors are continuously sparged with nitrogen. 

To improve culture consistency, we operate the fermentors in
continuous flow mode. DvH is grown to late-mid-log phase
(about 5 × 1 08 cells/mL) in batch mode, and then a lactate and
sulfate-defined medium is applied at a dilution rate of 0.15 h- 1

(0.6 L/h) to maintain the culture at a constant cell density. The
p revailing redox potential during culture growth ranges from 
-500 to -700 mV. Once flow is initiated, the collected effluent is
chilled to 4°C and held until the biomass is harvested by cen-
trifugation. Cell density, which is directly correlated to optical
d e n s i t y, is continuously monitored by pumping a recycle line
t h rough a cuvette in a small spectrophotometer (Ocean Optics,
FL). 

F i g u re 1 shows the optical density increase during batch phase,
followed by its approach to steady state during continuous-flow
phase. For re f e rence, the OD of stationary phase DvH is 1. The total

p rotein concentrations throughout the production range from 11 0
to 200 µg/mL. During continuous flow, approximately 35 to 55
mM of lactate and 5 to 15 mM of sulfate are consumed.

ACCOMPLISHMENTS 
We have developed and optimized fermentor operation to

produce large volumes of DvH, yielding reproducible, high-
quality biomass for protein complex analysis. Running two fer-
mentors in parallel, we are able to produce 100 L of culture per
week. We have also developed analytical protocols to monitor
consistency of production.

SIGNIFICANCE OF FINDINGS 
Our methodology can be applied to produce a range of

e x t remophile micro o rganisms under controlled conditions.
Extremophiles have the greatest potential for remediating the
most recalcitrant contaminants, and for the production of bio-
fuels.
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LARGE-SCALE PRODUCTION OF ANAEROBIC SULFATE REDUCERS
Jil T. Geller, Mary E. Singer, Tamas Torok, and Terry C. Hazen
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Figure 1. Data from a production run of DvH, grown at 30°C, in a
5 L customized fermentor. The optical density (OD) is directly cor-
related with cell density, and continuously monitored in the fer-
mentor assembly.



RESEARCH OBJECTIVES
Diverse micro o rganisms living in the envi-

ronment or within human tissues often act in con -
c e r t to affect natural chemical cycling in the envi-
ronment, as well as human health. In contrast to
identifying single species’ infections or searc h i n g
for a single organism correlating with an enviro n-
mental change, ecologists and medical
re s e a rchers now analyze the entire micro b i a l
community stru c t u re and dynamics. This new
re s e a rch field has provided insights into medical
p roblems such as obesity, inflammatory bowel
disease, allergen sensitivity, periodontitis, vagi-
nosis, pneumonia, and viral infection susceptibil-
i t y. Environmental microbiologists have likewise
found trends between microbial communities
and the corresponding atmospheric conditions,
g roundwater redox potential, and soil moisture ,
as examples.  The objective of the Gre e n g e n e s
p roject is to efficiently relate microbial communi-
ty stru c t u re to disease states and enviro n m e n t a l
f a c t o r s .

APPROACH
P re s e n t l y, the bacterial and archaeal commu-

nities of the human biome and earth’s biosphere
remain mostly undefined, because most micro o r-
ganisms have not been successfully grown (cultured) and studied
in a laboratory. The advent of gene-based, culture - i n d e p e n d e n t
surveys and the availability and falling cost of high-thro u g h p u t
sequencing now allows inventories of all microbial community
members. This has been accomplished most commonly using the
16S rRNA gene, a highly conserved and reliable marker for
a rchaeal and bacterial species identification, and more re c e n t l y
using the ITS region of fungal genomes. Unfortunately, the ability
to analyze and compare these data, and thereby make insights
into the associated diseases, is impeded by a lack of high-quality,
c o m p rehensive databases and tools. Curre n t l y, re s e a rchers must
independently surmount the same post-sequencing obstacles,
namely: (1) making a reliable multiple sequence alignment (MSA)
in order to compare sequences, (2) filtering out low-quality re f e r-
ence sequences from the public databases, (3) determining the
identity of their sequences in the face of limited taxonomic classi-
fication of public sequences, (4) handling increasingly larg e
datasets in an efficient manner, and (5) comparing overall commu-
nity stru c t u re of their samples to public datasets. This entire pro c e s s
has been simplified and standardized in the Greengenes web application. 

ACCOMPLISHMENTS
Greengenes has been implemented as

a web application at http://greengenes.
lbl.gov. It is the first resource to deconvo-
lute the classification of microorganisms
from both the environment and clinical
material (Figure 1). It has become an inter-
nationally recognized re s o u rce, as evi-
denced by its frequent citations. Recently,
it was used to demonstrate the effects of
atmospheric pressure and temperature on
urban bioaerosols at inhalation height,
and to discover that salinity is the major
factor influencing bacterial populations in
aqueous environments.

SIGNIFICANCE OF FINDINGS
The Greengenes standardized meth-

ods for the analysis of community DNA
data now allows research labs without
dedicated bioinformatics support to
determine factors affecting the types and
quantities of microorganisms living in an
e n v i ronment. Continued usage of this
service will be necessary for accurately
analyzing the massive influx of 16S rRNA
and ITS data and for sharing and compar-

ing community structures from diverse samples. We anticipate
this work will soon benefit clinicians making point-of-care
decisions.

RELATED PUBLICATIONS
DeSantis, T.Z., P. Hugenholtz, N. Larsen, M. Rojas, E.L. Brodie,

K. Keller, T. Huber, D. Dalevi, P. Hu, and G.L. Andersen,
Greengenes: A chimera-checked 16S rRNA gene database
and workbench compatible with ARB. Appl Enviro n
Microbiol, 72, 5069–5072, 2006.

DeSantis, T.Z., P. Hugenholtz, K. Keller, E.L. Brodie, N. Larsen,
Y.M. Piceno, R. Phan, and G.L. Andersen, NAST: A multiple
sequence alignment server for comparative analysis of 16S
rRNA genes. Nucleic Acids Res, 34, W394–399, 2006.
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GREENGENES: GENE DATABASE AND WEB APPLICATION FOR MICROBIAL ECOLOGISTS
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Figure 1. Classification terms shared
among independent curators re p re-
sented as a five-way Venn diagram.
Yellow spheres represent the 126 Phyla
or Candidate Division names encoun-
tered in at least one of the five taxono-
my systems (Pace, Hugenholtz,
Ludwig, RDP, or NCBI). Numbers in
parentheses are the count of Phyla or
Candidate Division names recognized
by an individual curator. Clusters of
yellow spheres connected by more than
one colored web symbolize names rec-
ognized by multiple curators.
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RESEARCH OBJECTIVES
The sorption, nucleation, and

g rowth of nanoparticles on mineral
surfaces may control the mineral sur-
face’s re a c t i v i t y, and hence markedly
a ffect aqueous metal contaminant
transport and other surface-con-
t rolled reactions. Recently, grazing
incidence small angle x-ray scattering
(GISAXS) has been used to analyze
the size, shape, and distribution of
quantum dots and polymers on sub-
strates. However, no work has been
attempted thus far using GISAXS for
in situ observations of enviro n m e n t a l
interfacial processes—such as the
nucleation and growth or aggre g a-
tion of nanoparticles on mineral sur-
faces. In this study, we (1) developed
an in situ t i m e - resolved GISAXS
capability to allow real-time geo-
chemical kinetics analysis of
nanoparticle reactions at mineral-
water interfaces; and (2) elucidated
the mechanisms and kinetics of early
nucleation and growth of important
e n v i ronmental nanoparticles.

APPROACH
We developed a new in situ time-

resolved GISAXS capability that can be used either under dry
or aqueous conditions. Using this setup, we investigated the
kinetics and mechanisms of early nucleation and growth of
iron oxide nanoparticles at water-mineral interfaces. In the
experiments, the samples consisted of quartz substrates
exposed to freshly prepared ferric solutions. By analyzing the
simultaneous small angle x-ray scattering (SAXS) from the
overlying solution and the GISAXS from the interface, we
could extract the initial kinetics of nucleation and growth
(numbers of nuclei and volume) and the morphological param-
eters (size, shape, and distribution) for both homogeneously
(solution) and heterogeneously (interface) nucleated particles. 

ACCOMPLISHMENTS
We investigated the initial nucleation and growth of iron

oxide nanoparticles on quartz surfaces under different ionic
strengths and aqueous iron concentrations (Figure 1). Utilizing
simultaneous SAXS/GISAXS, we were able to distinguish the

quantitative contribution between homoge-
neous and heterogeneous nucleation under
different conditions. We found that ionic
strength affects interparticle distances and
particle sizes and shapes. At [Fe3+] = 10-4 M,
heterogeneous nucleation was found to be
more dominant and faster than homoge-
neous nucleation, whereas homogeneous
nucleation is more important at higher
[Fe3+] concentrations. This result is the first
d i rect experimental evidence showing
quantitative contributions caused by each
mechanism at aqueous interfaces. 

SIGNIFICANCE OF FINDINGS
In situ observations of the early nucle-

ation and growth of nanoparticles in aque-
ous systems have been a challenging issue,
because of (1) difficulties in distinguishing
between homogeneous and heterogeneous
nucleation processes; (2) difficulties in
measuring the early stage kinetics, as a
result of slow data acquisition and distur-
bance of the reaction system; and (3) small
observation areas. By using an in situ time-
resolved simultaneous SAXS/GISAXS, we
were able to distinguish the quantitative
contribution between homogeneous and
h e t e rogeneous nucleation without inter-

rupting surface reactions. This technique also allows statistical-
ly improved real-time geochemical kinetics analysis of
nanoparticle formation compared to other methods, and is
highly complementary to imaging techniques such as atomic
force microscopy or transmission electron microscopy.

RELATED PUBLICATION
Jun, Y.S., G.A. Waychunas, and B. Lee, Kinetic study of nucle-

ation and growth of environmental nanoparticles at water-
mineral interfaces using in situ t i m e - resolved GISAXS.
American Crystallography Association Series 2, 34, 52, 2007.
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DEVELOPMENT OF A NEW TOOL TO STUDY NUCLEATION AND
GROWTH OF NANOPARTICLES ON MINERAL SURFACES
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Figure 1. GISAXS setup allows us to observe the in
situ real time early nuclei evolution (at nanoscale, a
very short measurement time: seconds) of
nanoparticles at mineral-water interfaces. D: parti-
cle distribution (spacing); h: height of nanoparti-
cles; d: lateral size of nanoparticles; ki: incident x-
ray; kf: scattered x-ray by newly formed
nanophase.
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RESEARCH OBJECTIVES
The goal of the Environmental Science Program at the

Advanced Light Source (ALS) is to further the research mission
of OBER’s Environmental Remediation Science Pro g r a m
(ERSP), by improving utilization of the ALS in the ERSP
research effort, and generally increasing the quantity and qual-
ity of environmental research conducted at the ALS.  

APPROACH 
The ALS is a DOE national user facility with many unique

spectroscopic and microscopic capabilities suited to applica-
tion in environmental science. The program supports the
research mission of ERSP by supporting ERSP PIs on research
projects that can benefit from the resources at the ALS. These
collaborations take many different forms, including participa-
tion in experimental design, novel sample cell development,
data interpretation, beam time proposal writing, and data col-
lection. The program specifically focuses on four beam lines at
the ALS. These beam lines include BL 1.4.3-infrared spectromi-
croscopy, BL 8.3.2-x-ray micro-tomography, BL 10.3.2-x-ray
microprobe and micro-x-ray diffraction, and BL 11.0.2-scan-
ning transmission x-ray microscopy (STXM).

ACCOMPLISHMENTS AND SIGNIFICANCE
In the past year, the program has worked with many differ-

ent research groups for over 600 hours of beam time. Examples
of these projects include: utilizing the Fourier transform
infrared (FTIR) beamline (1.4.3) to study in situ iron biominer-
alization processes; imaging the pore-size distribution within
synthetic aggregates using microtomography (8.3.2); examin-
ing the iron mineral transformations within those aggregates,

using the micro-XAS capabilities of beamline 10.3.2; and inves-
tigating natural organic carbon interactions with mineral
grains using the STXM (11.0.2).  

The program also serves the general environmental syn-
chrotron user community through coordination of resources
a c ross the four DOE-supported synchro t ron user facilities
(ALS, NSLS, and SSRL). By frequent communication with envi-
ronmental scientists at the other three sources, the ALS pro-
gram is able to help identify the most appropriate facility for a
given investigation across the entire DOE synchrotron com-
plex, and therefore maximize the scientific output of these facil-
ities. 

In addition, the program is also working to increase the
total amount of beam time available at the ALS through lead-
ing the design and construction of a new FTIR beamline that
will have greater photon flux (~2x) compared to the existing
FTIR beamline.  

Using the newly developed FTIR environmental bioreactor,
we were able to directly observe the alterations in two common
iron oxides under microbial-induced reduction. Figure 1 shows
the FTIR spectrum of a hematite film, which is originally very
crystalline, as represented by the sharp distinct peaks seen in
the magneta spectrum. This film is then coated with ferrihy-
drite, which adds a broad diffuse baseline to the spectrum but
does not alter the position of the original hematite peaks (red).
After 17 days of reaction with dissimilatory iron-reducing bac-
teria (DIRB), the signal from ferrihydrite has been significantly
reduced, as a result of both flow-mediated erosion of the ferri-
hydrite layer and also of recrystallization of the ferrihydrite. A
shoulder peak at ~615 cm-1 appears, which is consistent with
the formation of goethite, and there is a significant shift and
broadening of the hematite peaks at ~543 cm-1, ~444 cm-1, and
~305 cm-1, which is indicative of an increase in disorder in the
hematite as a result of hydration and/or reductive dissolution.  

RELATED PUBLICATION
Neiss, J.; B.D. Stewart, P.S. Nico, and S.E. Fendorf, Speciation-

dependent microbial reduction of uranium within iron-
coated sands under dynamic flow. Environ. Sci. and
Technol. (in press), 2007.

ACKNOWLEDGMENTS
This work was supported by the Director, Office of Science,

O ffice of Biological and Environmental Researc h ,
Environmental Remediation Sciences Program, of the U.S.
Department of Energy under Contract No. DE-AC02-
05CH11231.

ENVIRONMENTAL SCIENCE PROGRAM AT THE ADVANCED LIGHT SOURCE
Peter Nico

Contact Petr Nico, 510/486-7118, psnico@lbl.gov

Figure 1. Synchrotron FTIR spectra of hematite with and without
ferrihydrite before and after exposure to DIRB
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RESEARCH OBJECTIVES
In situ bioremediation of contaminated aquifers through

the addition of a carbon source to stimulate biological activity
has been demonstrated to be a viable method for cleaning up
groundwater. Enhanced microbial activity in the area of the
injected carbon source creates conditions that have been shown
to lead to biodegradation of chlorinated compounds and
immobilization of metals. Not well understood, however, is
what occurs in the downstream portions of these plumes.

For more than 8 years, organic carbon (initially Na-lactate,
followed by whey) has been added to the groundwater at the
source of a 3 km long trichloroethene (TCE) plume at the Test
Area North (TAN) site of the Idaho National Laboratory. This
activity has led to high levels of microbial activity, resulting in
anaerobic conditions that have successfully stimulated com-
plete reductive dechlorination of the TCE in the source area of
the plume. The purpose of this project is to characterize biolog-
ical activity in the downstream areas and assess the potential
for additional bioremediation of the groundwater in the distal
sections of the plume.

APPROACH
As a follow-up to a study of bioremediation conducted dur-

ing the initial phases of enhanced bioremediation (Song et al.,
2002), groundwater samples were collected in a series of mon-
itoring wells extending from an injection well down-gradient
in the plume. The compositions of the microbial communities
in these samples were analyzed using high-density DNA
microarrays (PhyloChips). The isotopic composition of dis-
solved gases (methane and inorganic carbon) and chlorinated
solvents in the samples were also analyzed to assess the level
of relevant microbial metabolic processes (methanogenesis,
methane oxidation, reductive dechlorination of solvents, aero-
bic biodegradation of solvents).

ACCOMPLISHMENTS
A n a e robic conditions in the groundwater extend to gre a t e r

than 150 m down-gradient from the injection well. Within this
zone, concentrations of dissolved methane are high (>3 micro m o-
lar), whereas nitrate and sulfate concentrations are depleted.
Phylochip analyses of microbial communities, in gro u n d w a t e r
samples from the anaerobic zone of the plume, have identified a
range of aerobic micro o rganisms, including methane-oxidizing
bacteria and anaerobic organisms such as methanogens, sulfate
reducers, and anaerobic methane-oxidizing archaea. Large shifts in
the carbon isotope ratios of the methane (from -55‰ in the sourc e
a rea to -28‰ in down-gradient wells) confirm that significant
m i c robial methane oxidation is occurring within the largely anaer-
obic core of the TCE plume (Figure 1). In addition, the isotope com-
positions of dissolved inorganic carbon (DIC) decreased from val-
ues typical of methanogenic activity (>8‰) in the source area to

much lower values (<-13‰) in the down-gradient anaerobic wells,
as would be expected for high levels of methane oxidation. Down-
gradient from the anaerobic core of the plume, where the dissolved
oxygen contents of the groundwater have rebounded, there is
molecular evidence for methanogenic micro o rg a n i s m s .

SIGNIFICANCE OF FINDINGS
These data indicate that diverse microbial communities capa-

ble of biodegrading contaminants exist in gro u n d w a t e r, where
the groundwater geochemistry may not reflect the conditions
thought to be re q u i red for some of these communities to be
active. This implies that significant biodegradation of contami-
nants may be occurring in these portions of the plumes.

RELATED PUBLICATION
Song, D.L., M.E. Conrad, K.S. Sorenson, and L. Alvarez-Cohen,

Stable carbon isotope fractionation during enhanced in situ
bioremediation of trichloroethene. Environ. Sci. Technol. 36,
2262–2268, 2002.

ACKNOWLEDGMENTS
This work was supported by the Director, Office of Science,

O ffice of Biological and Environmental Researc h ,
E n v i ronmental Remediation Sciences
Division, of the U.S. Department of Energy
under Contract No. DE-AC02-05CH11231.

DEVELOPMENT OF HIGHLY HETEROGENEOUS ZONES OF MICROBIAL ACTIVITY
DURING ENHANCED BIOREMEDIATION

Mark Conrad, Eoin Brodie, and Markus Bill
Contact: Mark Conrad, 510/486-6141, msconrad@lbl.gov

Figure 1. Carbon isotopic compositions of dissolved methane and
inorganic carbon in samples from the TAN site plotted versus dis-
tance from the injection well. (Both the source area for the TCE
and the well into which organic carbon has been added to stimu-
late microbial activity.) The large increase in the δ13C of the
methane coupled with the drop in the δ13C of inorganic carbon
with distance from the injection well indicate significant methane
oxidation occurring within the 150 m of the injection well, despite
anaerobic conditions. In the distal portions of the plume, the δ13C
of inorganic carbon returns to background levels.
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RESEARCH OBJECTIVES
Aqueous uranium concentrations in a contaminated

aquifer in Rifle, Colorado, have been successfully lowered
through enzymatic reduction to less soluble U(IV) by acetate-
amended microbial activity. The highest U(VI) removal rates
are noted during iron reduction and decrease with the onset of
sulfate reduction. However, sustained U(IV) attenuation is
observed following sulfate reduction and subsequent termina-
tion of the acetate amendment. These findings indicate the
transition between iron- and sulfate-reducing conditions is an
important aspect of the remediation process. Samples collected
during a 2006 acetate amendment were analyzed for δ34S of
sulfate and sulfide to explore the utility of sulfur isotopes as
indicators of these processes. Objectives of this study include
the use of these data to refine the timeline of iron- and sulfate-
reduction phases and to determine the stability of sulfide pre-
cipitates post-amendment.

APPROACH
Sulfate and sulfide isotopic samples were collected thro u g h-

out the course of an in situ acetate amendment at the DOE Old
Rifle Site near Rifle, Colorado. Samples were taken in one back-
g round well and three monitoring wells down-gradient of the
injection gallery, in conjunction with aqueous geochemical
m e a s u rements of sulfate, ferrous iron, U(VI), and acetate. 

ACCOMPLISHMENTS
Results show an increase of up to 7‰ δ34S in residual sul-

fate at the onset of sulfate reduction, followed by a return to
background δ34S values of -8‰ with time. Sulfide δ34S values
of roughly -20‰ at the onset of sulfate reduction increase to
background sulfate δ34S values as sulfate removal approaches
100% and subsequently return to depleted levels following ces-
sation of acetate amendment (Figure 1). Comparable sulfate
and sulfide δ34S values at the height of sulfate reduction sug-
gest total removal of all sulfate accessible to the microbial pop-
ulation. In addition, a steady decline in δ34S of sulfide, concur-
rent with increased sulfide concentrations following cessation
of acetate amendment, suggests that this increase is not a result
of reoxidation of precipitated FeS species. Thus, FeS precipi-
tates formed during the height of sulfate reduction appear to
be stable following acetate amendment and may lend to the
stability and long-term sequestration of precipitated U(IV).  

SIGNIFICANCE OF FINDINGS
This study demonstrates the additional information regard-

ing the transition to sulfate reduction and the fate of sulfide
species gained through the use of sulfur isotopes beyond what
is obtainable using aqueous geochemical measurements alone.
The apparent stability of precipitated sulfide species, indicated
by the isotopic data following acetate amendment, is particu-
larly significant in that these species may influence long-term
U(VI) sequestration.

RELATED PUBLICATION
Druhan, J.L., M.E. Conrad, K.H. Williams, L. N’Guesson, P.E.

Long, and S.S. Hubbard, Sulfur isotopes as indicators of
bacterial sulfate reduction processes influencing field-scale
uranium bioremediation. Env. Science and Te c h n o l o g y
(submitted), 2008.

ACKNOWLEDGMENTS 
This work was supported by the Director, Office of Science,

O ffice of Biological and Environmental Researc h ,
Environmental Remediation Sciences Division, of the U.S.
Department of Energy under Contract No. DE-AC02-
05CH11231.

SULFUR ISOTOPES AS INDICATORS OF BACTERIAL SULFATE-REDUCTION PROCESSES
DURING FIELD-SCALE URANIUM BIOREMEDIATION

Jennifer L. Druhan, Mark E. Conrad, Kenneth Hurst Williams, Lucie N’Guessan, Philip E. Long, and Susan S. Hubbard
Contact: Jennifer L. Druhan, jennydruhan@berkeley.edu

Figure 1. Sulfur isotopes of sulfate and sulfide in three monitoring
wells. M-21 is located closest to the injection gallery at 1.5 m
down-gradient, followed by M-22 at 3 m and M-24 at 6 m.

Environmental Remediation and Water Resources Program
Earth Sciences Division
Berkeley Lab

Research Summaries
2006-2007

9



RESEARCH OBJECTIVES
The Hanford Site in Washington State was used for decades

(1940s to the late 1980s) for the production of weapons-grade plu-
tonium, which resulted in significant local radioactive and non-
radioactive contamination of the vadose zone and gro u n d w a t e r.
Nitrate is a widespread groundwater contaminant at the Hanford
Site, with 75 km2 of the aquifer above the 45 ppm EPA d r i n k i n g
water limit, and locally reaching concentrations of over 1,000
ppm. This contamination came from a variety of sources, includ-
ing radioactive waste leaking from storage tanks, low-activity
waste from site operations released to disposal stru c t u res in the
g round, and rinsing of naturally occurring nitrate from vadose
zone soils. Commonly, groundwater nitrate contamination at
H a n f o rd is accompanied by 9 9Tc (technetium 99), a man-made
radioactive isotope with a half-life of 214,000 years. In 2005, dur-
ing the emplacement of a new groundwater monitoring well
( W 11-25B) near the WMA-T, high 9 9Tc and nitrate concentrations
w e re found just below the water table. The 9 9Tc concentrations,
up to 180,000 pCi/L, were much higher than previously observed
in nearby wells. Because both nitrate and 9 9Tc have similar mobil-
ity in gro u n d w a t e r, we may also, by placing constraints on the
s o u rce of nitrate contamination, constrain the source of 9 9Tc con-
tamination. We have developed an isotopic technique for tracing
contaminant nitrate, providing such constraints on the source of
the otherwise untraceable mono-isotopic technetium.

APPROACH
The isotopic composition of the nitrogen (δ1 5N) and the oxy-

gen (δ1 8O) in nitrate varies depending on the origin of the nitrate.
Our previous re s e a rch has shown that nitrate associated with syn-
thetic nitric acid, nitrate associated with high-activity tank-re l a t e d
waste, and naturally occurring nitrate in the vadose zone each
have their own characteristic isotopic signatures, which can be
used to trace sources of nitrate contamination. We analyzed
g roundwater samples taken at discrete depths below the gro u n d-
water table in the well with the very high 9 9Tc concentrations, as
well as groundwater samples from other monitoring wells in the
general vicinity, for the isotopic composition of nitrate. 

ACCOMPLISHMENTS
The results of our groundwater nitrate isotopic analyses are

p resented in Figure 1. Most of the WMA-T groundwater samples
(purple circles) form an array stretching from the field re p re s e n t-
ing synthetic nitrate to the field re p resenting natural backgro u n d
nitrate. The high δ1 8O end of this array is re p resented by samples
with very high (>900 ppm) nitrate concentrations. Samples at the
low δ1 8O end of the array have the lowest nitrate concentrations.
These observations suggest that samples on this array re p re s e n t
mixing between synthetic nitrate and natural nitrate rinsed fro m
the vadose zone. The depth discrete samples from Well W11 - 2 5 B

form a separate array (green squares), indicating mixing between
synthetic nitrate and tank-related waste (with high 9 9Tc content),
possibly associated with a major tank leak in 1973. 

SIGNIFICANCE OF FINDINGS
Our results demonstrate the power of isotopic tracking of con-

taminant nitrate and its co-contaminants, which have pro v i d e d
valuable constraints on the origin of significant 9 9Tc contamina-
tion of groundwater near the WMA-T at the Hanford Site. 

RELATED PUBLICATION
Christensen, J.N., M.E. Conrad, D.J. DePaolo, and P.E. Dresel,

Isotopic studies of contaminant transport at the Hanford
Site, Washington. LBNL-61935. Vadose Zone Journal 6,
1018-1030, 2007. 

ACKNOWLEDGMENTS
This work was supported through the Hanford

Remediation and Closure Science Project, funded through DOE
Richland and by the Assistant Secretary of the Office of
Environmental Management, Office of Science and Technology,
under the Environmental Remediation Sciences Division, of
the Department of Energy, Contract No. DE-
A C 0 2 - 0 5 C H 11231 (Berkeley Lab) and
Contract No. DE-AC06-76RL01830 (PNNL).

Figure 1. Plot of δ15N vs. δ18O for nitrate in groundwater samples
from the vicinity of the WMA-T and for the sub-water table depth
discrete samples from W11-25B.  Additional data, the field for
background cores, and data for tank-related waste from contami-
nated cores from Singleton et al. (2005). The field for synthetic
nitrate (representing low-activity waste) is from Kendall (1998)
and Amberger and Schmidt (1987). Lines connect samples from
the same well taken at different times, with the more recent sam-
ple indicated by a white dot.

TRACING 99TC CONTAMINATION AT THE HANFORD SITE
USING THE ISOTOPIC COMPOSITION OF NITRATE

John N. Christensen, Mark Conrad, P. Evan Dresel1, and Donald J. DePaolo
1Pacific Northwest National Laboratory (PNNL)

Contact: John N. Christensen, 510/486-6735, jnchristensen@lbl.gov
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RESEARCH OBJECTIVES

Understanding how microorganisms alter their physical
and chemical environment during bioremediation is hindered
by our inability to resolve subsurface microbial activity with
high spatial resolution. Geophysical methods, such as the
induced polarization (IP) technique, have shown promise as
sensitive means for delineating regions of stimulated biominer-
alization. Ongoing research suggests that the IP method may
also be sensitive to variations in subsurface geochemical condi-
tions resulting from biological processes, especially when mul-
tiple frequencies are utilized. Using an IP m o n i t o r i n g
approach, spatiotemporal variations in the development of
phase anomalies should reflect the location of active metabo-
lism within aquifer sediments following organic carbon
amendment, with the magnitude of the phase response at a
given frequency indicative of characteristic metabolic end
products, such as aqueous iron and sulfide, or insoluble miner-
al precipitates.

APPROACH
Surface IP datasets were acquired at multiple frequencies

(0.125, 1, and 10 Hz) prior to and at multiple times after the
injection of acetate into a uranium-contaminated aquifer near
Rifle, Colorado. Differences between the phase and magnitude
of the measured potentials relative to the injected current
determine the frequency-dependent electrical resistivity of the
subsurface. Regions exhibiting a strong frequency-dependence
(i.e., those exhibiting a large phase shift) are found to corre-
spond to areas where charge migration by electrolytic transfer
in the pore fluid is impeded because of a variety of interfacial
conduction mechanisms. These include regions where charge
transfer changes from electrolytic to electronic (such as in pore-
blocking mineralized rocks) or where grain surface features
impede the normal flow of current carrying ions (such as in
clay-bearing zones or other areas of high surface charge densi-
ty). As a result, reactions that alter the way in which electric
charge is conducted through the pore space should lead to
observable changes in the measured phase response of sedi-
ments accumulating electroactive ions and precipitates.

ACCOMPLISHMENTS
We have demonstrated the ability of the IP method to mon-

itor microbe-mediated iron and sulfate reduction during acetate
amendment of a uranium-contaminated aquifer near Rifle, CO.
During IP m e a s u rements, spatiotemporal variations in the
phase response between applied and measured voltages corre-
lated with changes in groundwater geochemistry indicative of
m i c robial iron and sulfate reduction and sulfide mineral pre c i p-

itation. The enhanced sensitivity of the high and
low frequency phase responses to accumulated
aqueous iron and sulfide, re s p e c t i v e l y, pro v i d e

the ability to discriminate the dominant subsurface biogeo-
chemical process.  The spectral effect was verified and calibrat-
ed using a biostimulated column experiment containing Rifle
sediments and gro u n d w a t e r.  Sediments and fluids re c o v e re d
f rom regions of the field site exhibiting an anomalous phase
response were enriched in sorbed Fe2 + and cell-associated 2-4
nm diameter FeS nanoparticles. These mineral precipitates and
accumulated electroactive ions altered the ability of pore fluids
to conduct electrical charge, accounting for the IP response.  The
results reveal the usefulness of multi-frequency IP m e a s u re-
ments for discriminating mineralogical and geochemical
changes during stimulated subsurface biore m e d i a t i o n .

SIGNIFICANCE OF FINDINGS
These findings suggest that the spectral IP method re p re s e n t s

a minimally invasive means for monitoring stimulated micro b i a l
activity within aquifer sediments, with fre q u e n c y - d e p e n d e n t
phase anomalies characteristic of iron and sulfate re d u c t i o n .

RELATED PUBLICATION
Williams, K.H., A. Kemna, M. Wilkins, J. Druhan, E. Arntzen, L.

N’Guessan, P.E. Long, S.S. Hubbard, and J.F. Banfield,
Geophysical monitoring of microbial activity during stimu-
lated subsurface bioremediation. Environmental Science &
Technology (in preparation), 2008.
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INDUCED POLARIZATION MONITORING OF MICROBIAL ACTIVITY DURING
STIMULATED SUBSURFACE BIOREMEDIATION
Kenneth H. Williams, Susan S. Hubbard, and Jillian F. Banfield

Contact: Kenneth H. Williams, 510/701-1089, khwilliams@lbl.gov

Figure 1. Differential comparison of 2006 surface IP inversion
results acquired perpendicular to flow at two frequencies. The
results were obtained by subtracting the data obtained after four
and eight weeks from the baseline data. The magnitude of the
anomalous-phase response was greater at 0.125 than 1 Hz after
four weeks, with the opposite trend observed after eight weeks. 

4 weeks

8 weeks
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RESEARCH OBJECTIVES
T h e re is growing interest in the use of geophysical methods to

track the products of subsurface microbial activity during stimu-
lated subsurface bioremediation. A m o n g
such methods, the self-potential (SP) tech-
nique has shown promise as an inexpen-
sive yet sensitive means for delineating
variations in subsurface geochemical con-
ditions resulting from biological pro c e s s-
es. Interpreting the SP response within the
context of a galvanic model makes it pos-
sible to use time-varying voltage anom-
alies to monitor geochemical changes
induced by the stimulation of micro b i a l
a c t i v i t y. As a result, spatiotemporal varia-
tions in the onset, sustenance, and re l a x-
ation of the SP anomalies should re f l e c t
the location of active metabolism within
aquifer sediments following organic car-
bon amendment. Such variations thus
o ffer an indirect means for verifying geo-
chemical conditions conducive to the
removal of soluble contaminants, such as
u r a n i u m .

APPROACH
Under conditions in which the measurement and re f e re n c e

e l e c t rodes are located in geochemically distinct redox enviro n-
ments, SP anomalies have been shown to be the result of electro-
chemical reactions involving the electrodes themselves. When
bridged through a measuring voltmeter, electrodes located in the
e l e c t rochemically distinct regions constitute a galvanic cell, gener-
ating a voltage potential that persists as long as the concentration
gradient is maintained. Charge balance is maintained via elec-
t rolytic conduction through the pore space, which also acts to
complete the overall circuit. Under conditions in which the geo-
chemical environment directly interacts with the electrode sur-
face, the electrode composition will determine the nature of the
m e a s u red half-cell reaction. As a result, the magnitude of SP
anomalies may be quantitatively interpreted in the same manner
as voltages that result when using an ion-selective electrode, albeit
over a scale of meters rather than millimeters.

ACCOMPLISHMENTS
We used the SP method to track the onset and persistence

of the activity of sulfate-reducing bacteria in a uranium-con-
taminated aquifer following acetate amendment. Anomalous
voltages approaching 900 mV were measured between copper
electrodes emplaced within the aquifer sediments and a single
Cu/CuSO4 reference electrode located at the ground surface.

Onset of the voltage anomalies correlated in time with both the
accumulation of dissolved sulfide and the removal of uranium

from groundwater. The anomalies per-
sisted for 45 days after acetate injection
had ceased, indicative of ongoing sulfate
reduction. Geochemical data confirm
that anomalous SP voltages and contin-
ued sulfate reduction correlated with the
sustained removal of uranium. Current-
voltage and current-power relationships
between measurement and re f e re n c e
electrodes exhibited a galvanic response,
with current flow between the two elec-
t rodes yielding a steady-state power
density of 10 mW/m2 during the period
of sulfate-reduction. Thus, we infer that
the SP anomalies resulted from electro-
chemical diff e rences that developed
between geochemically reduced regions
and areas having higher oxidation
potential. Following the period of sul-
fate reduction, SP voltages ranged from
500 to 600 mV and were associated with
elevated concentrations of ferrous iron
in the vicinity of the measurement elec-

trodes. Within 10 days of the voltage decrease following the
depletion of sulfide, uranium concentrations rebounded from
0.2 to 0.8 µM, a level still below the background value of 1.5
µM.

SIGNIFICANCE OF FINDINGS
These findings demonstrate that SP measurements provide

a minimally invasive means for monitoring stimulated micro-
bial activity within aquifer sediments and verify that redox
conditions remain favorable for the stability of bioimmobilized
contaminants, such as uranium.

RELATED PUBLICATION
Williams, K.H., S.S. Hubbard, and J.F. Banfield, Galvanic inter-

pretation of self-potential signals associated with microbial
s u l f a t e - re d u c t i o n . LBNL-63396. Journal of Geophysical
Research—Biogeosciences, 112, 2007.

ACKNOWLEDGMENTS
This work was supported by the Director, Office of Science,

O ffice of Biological and Environmental Researc h ,
Environmental Remediation Sciences Division, of the U.S.
Department of Energy under Contract No.
DE-AC02-05CH11231.

GEOPHYSICAL MONITORING OF STIMULATED SUBSURFACE BIOREMEDIATION
USING THE SELF-POTENTIAL TECHNIQUE

Kenneth H. Williams, Susan S. Hubbard, and Jillian F. Banfield
Contact: Kenneth H. Williams, 510/701-1089, khwilliams@lbl.gov

Figure 1. Self-potential data acquired 2.5 m
down-gradient from the region of acetate
amendment. The depth to each measurement
electrode and the time elapsed since the start of
acetate injection are shown on the vertical and
horizontal axes, respectively, with the color bar
representing the magnitude of the self-potential
signal. The measured potentials over the first
90–115 days were reflective of sulfate-reduction
and corresponded to sulfidic conditions in the
vicinity of the measurement electrodes; acetate
injection was halted on Day 68, with levels
falling below detection by Day 84.
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RESEARCH OBJECTIVES
Bioremediation treatments are used to facilitate reactions

that degrade or immobilize contaminants in situ, so that they
become less hazardous to human and ecological health. These
treatments typically result in biogeochemical transformations,
such as the formation of precipitates, gas bubbles, and biofilms.
Conventional borehole methods limit our ability to monitor
such transformations at sufficiently high spatial resolution at
field-relevant scales. Although time-lapse geophysical meth-
ods have the potential to provide information at the scale and
resolution that help us to better understand bioremediation
processes, several obstacles hinder the quantitative use of time-
lapse geophysical techniques for such purposes. Examples of
those challenges include the incomplete understanding of how
geophysical attributes respond to biogeochemical transforma-
tions, non-uniqueness of relations between the produced bio-
geochemical transformation products and the recorded geo-
physical attributes, and scale discrepancies among geophysical
and biogeochemical measurements. The goal of this research is
to develop a general framework that tackles some of these chal-
lenges, and that can be used to provide quantitative estimates
of biogeochemical transformations associated with remedial
treatments using time-lapse geophysical data. Here, we focus
on formulating the framework to estimate a particular transfor-
mation that occurs during sulfate reduction processes, using
time-lapse seismic and induced polarization datasets.

APPROACH
We develop state-space Bayesian models and use Markov

chain Monte Carlo sampling methods to quantitatively esti-
mate the volume fraction and mean grain-size of iron and zinc
sulfides commonly formed as a system is reduced via biostim-
ulation. We use a patchy saturation model to relate the seismic
data and the Cole-Cole model, together with empirical rela-
tions to relate the induced polarization (IP) data to the precipi-
tate properties. The developed framework is applied to a geo-
physical dataset collected during a laboratory-scale biostimula-
tion experiment (Williams et al., 2005). Figure 1 illustrates the
use of the developed method with the laboratory seismic and
IP time-lapse datasets, to estimate the evolution of the iron sul-
fide precipitates as a function of time after biostimulation was
initiated. 

ACCOMPLISHMENTS
The developed methodology has several favorable charac-

teristics: (1) it is integrated, so that we can combine multiple
types of geophysical data sets simultaneously; (2) it is flexible,
so that we can explore the effects of different types of prior

information for the estimation; and (3) it is

robust, so that we can obtain uncertainty information as well as
the estimates of quantities of interest. 

SIGNIFICANCE OF FINDINGS
We have developed the first estimation framework that per-

mits quantitative estimation of biogeochemical transforma-
tions using time-lapse geophysical datasets. This advance is
expected to significantly improve our ability to remotely mon-
itor changes that occur as a system is remediating, which can
be used to guide and assess the efficacy of remedial treatments.

RELATED PUBLICATIONS
Chen, J., S. Hubbard, K. Williams, S. Pride, and L. Slater, A sta-

tistical framework for monitoring the evolution of precipi-
tates associated with contaminant remediation using time-
lapse geophysical data. Water Resources Research (in
preparation), 2008.

Chen, J., S. Hubbard, and A. Kemna, A comparison between
deterministic and stochastic inversion methods for Cole-
Cole model parameters using induced polarization data.
Geophysics (in press), 2008.
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A STATISTICAL FRAMEWORK FOR MONITORING BIOGEOCHEMICAL TRANSFORMATIONS
USING TIME-LAPSE GEOPHYSICAL DATA
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Figure 1. Estimated volume fraction and mean grain-size of pre-
cipitates using induced polarization and seismic data. The red
lines are the medians of the estimated posterior probability densi-
ty functions, and the black dashed lines are their corresponding
95% predictive intervals.
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RESEARCH OBJECTIVES
B romide bre a k t h rough data were collected in conjunction

with a biostimulation experiment that was performed at the
U(VI) contaminated DOE Rifle Site in Colorado. Several factors
contributed to a temporal variability in the bromide injection
rate (Figure 1a), including changes in injection rate, injection
concentrations, and the injection area. To interpret the bro m i d e
b re a k t h rough data in terms of hydrological hetero g e n e i t y, we
needed to account for the temporal variations in the injection
rate. The objective of this study was to develop a method for

i n t e r p reting bre a k t h rough curves associated with complex trac-
er injection functions, and to apply the methodology to the Rifle
b romide tracer test datasets.

APPROACH
Transport processes in the subsurface can be described by

the convection dispersion equation (CDE). For one-dimension-
al transport processes, the CDE can be solved analytically.
Although transport in the subsurface is a three-dimensional
process, it can be represented as a bundle of 1-D transport
processes. This representation permits the 1-D analytical solu-
tion of the CDE to be applied to 3-D field tracer tests. Here, we
expand this approach to permit interpretation of complex, tem-
porally variable injection functions based on superposition of
several 1-D dimensional convection dispersion equations.  

ACCOMPLISHMENTS
We applied our approach to the Rifle tracer test datasets.

For each of the six steps in the injection function (Figure 1a), we
invoked a 1-D convection dispersion equation. Figure 1b illus-
trates the application of six different CDEs and their relation-
ship to the measured breakthrough curve (BTC). As is shown
in Figure 1c, the superposition approach enabled us to capture
the complex features of the breakthrough curve at the Rifle site.

SIGNIFICANCE OF FINDINGS
Although tracer tests are often accompanied by complex

injection functions, these variations are often not taken into
account, which can confound interpretation of the hydrological
heterogeneity. The developed approach is significant in that it
permits the quantitative characterization of transport process-
es in the presence of complex injection functions. 

RELATED PUBLICATION
Englert, A., S. Hubbard, K. Williams, J. Chen, J. Peterson, A .

Kemna, F. Spane, D. Newcomer, and P. Long,
H y d rogeophysical field characterization at the DOE Old Rifle
site, CO. Eos Trans. AGU, 88(23), Jt. Assem. Suppl., A b s t r a c t
H31F-05, 2007.
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DEVELOPMENT AND APPLICATION OF AN APPROACH FOR INTERPRETING
BREAKTHROUGH CURVES ASSOCIATED WITH COMPLEX TRACER INJECTIONS

Andreas Englert and Susan Hubbard
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Figure 1. Application of analytical solutions of the one dimension-
al convection dispersion equation in the presence of a complex
injection function: (a) complex injection function, (b) bre a k-
through curve (BTC) together with CDEs for every step in the
injection function, and (c) fit of the superimposed individual
CDEs together with the BTC.
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RESEARCH OBJECTIVES
Many remediation approaches that are being implemented

at contaminated subsurface sites induce biogeochemical trans-
formations. Although not yet well quantified at the field scale,
these transformations have the potential to alter flow charac-
teristics, which could in turn impact the ability to introduce
treatment into the subsurface (via injection) or to withdraw
groundwater (via pumping). Here, we interpret bromide tracer
test datasets associated with two biostimulation experiments,
which were performed in 2002 and 2003 in a flow cell at the
DOE Old Rifle Site in Colorado. The biostimulation experi-
ments were intended to facilitate iron and sulfate reduction,
which at this site was expected to result in the formation of FeS
precipitates. We interpret the datasets in terms of flow veloci-
ties, and explore how the velocities vary in space and change
over time in response to biogeochemical transformations, such
as the generation of precipitates.

APPROACH
Natural gradient bromide tracer test data were collected

during the 2002 and 2003 stimulated bioremediation experi-
ments, using 20 injection wells and 15 monitoring wells. To
estimate the heterogeneity of transport characteristics using the
collected datasets, we invoked a stream tube model, which
assumes that the 3-D transport process can be represented by
of a bundle of 1-D convective dispersive processes. This
approach permits characterization of the transport process in
terms of averaged velocity and dispersivity along individual
stream tubes.

ACCOMPLISHMENTS
The results of the stream tube analysis, shown in Figure 1,

indicate that there is clear spatial variability in the velocity fields,
and that the field transitions over time towards lower velocities
close to the injection wells and higher velocities further away
f rom the injection wells. The changes in velocity appear to be
related to the potential biogeochemical transformations associat-
ed with the stimulation, such as iron sulfide and calcite pre c i p i-
tation. Comparison of the velocity field with aqueous geochem-
ical data, collected during the stimulation experiments, in turn
suggests that the flow characteristics influenced the spatiotem-
poral distribution of the biogeochemical transformations. 

SIGNIFICANCE OF FINDINGS
The present study is, to our knowledge, one of the first field

experiments to illustrate changes in flow characteristics associ-
ated with a remedial treatment. Since the heterogeneity of the
flow velocity controlled the supply of the biostimulation
amendments, the hydrological heterogeneity (and changes
thereof) appears to have influenced the spatiotemporal distri-
bution of the biogeochemical transformations. This study sug-
gests that more research is warranted to examine the feedbacks
between hydrological heterogeneity and biogeochemical trans-
formations under dynamic conditions.

RELATED PUBLICATION
Englert, A., S. Hubbard, K. Williams, J. Chen, J. Peterson, A.

Kemna, F. Spane, D. Newcomer, and P. Long,
Hydrogeophysical field characterization at the DOE Old
Rifle Site, Colorado. Eos Trans. AGU, 88(23), Jt. Assem.
Suppl., Abstract H31F-05, 2007.
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EX P L O R I N G T H E IM PA C T O F ST I M U L AT E D BI O R E M E D I AT I O N O N FL O W CH A R A C T E R I S T I C S
Andreas Englert, Michael Kowalsky, Li Li, and Susan Hubbard
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Figure 1. Flow velocity fields associated with the 2002 (left) and
2003 (middle) biostimulation experiment, and the diff e re n c e
between these velocity fields (right), inferred from breakthrough
curves at the Old Rifle Site in Colorado. In each of the figures, the
injection wells are shown as open triangles, while the downstream
injection wells are shown as open circles.
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RESEARCH OBJECTIVES
Bioremediation techniques aiming to immobilize ground-

water contaminants or reduce their toxicity appear to have
great potential.  There remains, however, a great deal of uncer-
tainty in their application at the field scale, owing to the pres-
ence of heterogeneity, both hydrological and geochemical.
Hydrological properties are especially important to character-
ize because they affect how amendments are delivered to con-
taminated regions of an aquifer. Furthermore, hydrological
properties may be in turn affected by biogeochemical transfor-
mations during the bioremediation process itself. For example,
a remediation technique for immobilizing hexavalent uranium
in groundwater involves the stimulation of an iron-reducing
bacteria species with an acetate amendment. By-products of
the associated reactions, such as precipitation of iron sulfide,
could conceivably reduce porosity and permeability. The over-
all objective of this research is to better understand how trans-
formations associated with bioremediation affect hydrological
properties, and vice versa, and whether such changes may be
quantified using time-lapse hydrological data. 

APPROACH 
The Old Rifle UMTRA field site in Western Colorado has

been the subject of a number of bioremediation experiments
that were performed in conjunction with hydrological, geo-
chemical, and geophysical measurements. We consider data
from two experiments that were conducted in 2002 and 2003,
respectively, in which an acetate amendment, along with a bro-
mide tracer, were delivered into the shallow unconfined
aquifer through an injection gallery consisting of 20 closely
spaced wells. For each experiment, bromide concentrations
were measured in 15 down-gradient monitoring wells as a
function of time. Here we aim to use the measured bromide
concentrations to estimate the permeability distributions for
both experiments using iTOUGH2, a code that pro v i d e s
inverse modeling capabilities to the flow simulator TOUGH2.

ACCOMPLISHMENTS 
We developed a depth-averaged 2-D model that allows for

inverse modeling of the bromide tracer data at the site.
Bromide and water are injected into 20 wells according to the
measured time-varying rates and accounting for the fluctuat-
ing aquifer thickness. A geostatistical parameterization of the
permeability field was implemented using parameters that
were inferred from borehole data, reducing the number of
unknowns in the inverse problem (to 25 permeability values at
selected pilot point locations). A permeability distribution
obtained by inversion of the 2003 data and the corresponding
simulated distribution of bromide at several times are shown
in Figure 1, revealing complex tracer transport in the aquifer.
P reliminary results indicate that permeability re d u c t i o n
occurred from 2002 to 2003 in some regions, suggesting that the
stimulated bioremediation influenced the hydrological proper-
ties at the site.

SIGNIFICANCE OF FINDINGS 
The proposed approach is able to capture the spatial hetero-

geneity of hydrological properties (without requiring dire c t
hydraulic testing), allowing for better understanding of how
h y d rological heterogeneity changes in response to biogeochem-
ical transformations in an aquifer undergoing bioremediation.  
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INVERSION OF TRACER DATA TO QUANTIFY BIOREMEDIATION-
INDUCED CHANGES IN A CONTAMINATED AQUIFER

Michael B. Kowalsky, Andreas Englert, Li Li, and Susan S. Hubbard
Contact: Michael B. Kowalsky, 510/486-7314, mbkowalsky

Figure 1. (a) Example permeability distribution obtained by inver-
sion of the 2003 data, and the corresponding simulated distribu-
tion of the bromide tracer at several times (b–d). Injection and
monitoring wells are represented by triangles and circles, respec-
tively, in (a).



RESEARCH OBJECTIVES
We are developing a multiscale characterization approach

that integrates various data types, collected at differing meas-
u rement scales, to improve transport predictions at the
Savannah River Site. The approach uses surface-based and
cross-borehole-based geophysical data, and wellbore data to
provide input for a site-wide dual-domain transport model.
The dual-domain transport model, also being developed in the
characterization effort, incorporates the key interactions
between mobile and immobile regions that are expected to play
a role in long-term plume evolution.

APPROACH 
Analysis of existing characterization data suggests that the

study site can be described by two hydrofacies, with one that is
on average more mobile than the other, and that these hydrofa-
cies are related to two lithofacies (L=0 and L=1, respectively). A
statistical model is used to estimate the unknown proportion of
lithofacies (FI) in each pixel I and the unknown lithofacies type
(Li) in each pixel i, given the following data sets: (1) large-scale
surface-based geophysical data; (2) small-scale cross-borehole
geophysical data; and (3) small-scale wellbore data, such as
from geophysical logs, flowmeter logs, or core samples. An
example of the data sets and unknowns that we consider is
depicted in Figure 1. Using a Bayesian framework, we derive a
conditional probability distribution of the unknown variables
(FI and Li) for all of their respective pixel locations. The result-
ing distribution depends on (for the example shown in Figure
1) the probability distribution of the large-scale geophysical
data given the unknown values of FI; the probability distribu-
tion of FI given the unknown values of Li; and the probability
distribution of unknown Li given the small-scale cross-bore-
hole and wellbore data. The Markov-Chain Monte Carlo
(MCMC) sampling method is used to efficiently draw samples
from the conditional probability distribution, so that the prob-
ability distributions of the unknowns can be inferred.

ACCOMPLISHMENTS
We are currently applying the approach to synthetic data

and petrophysical relationships that are representative of site
conditions. The approach is being modified, as needed, based
on ongoing collection and reduction of multiscale hydrological
and geophysical data, and on the evolving characterization
objectives that are identified during development of the site-
wide transport model. Once refined, the multiscale approach
will be used to characterize the relevant field-scale properties
at the study site and to parameterize the transport model.

SIGNIFICANCE OF FINDINGS 
This approach expands the scale of hydro g e o p h y s i c a l

investigations, traditionally restricted to local-scale regions
between closely spaced boreholes (~10 m), to site-wide scales
that are relevant for modeling plume fate and transport.

RELATED PUBLICATIONS
Chen, J., S. Hubbard, Y. Rubin, C. Murray, E. Roden, and E.

M a j e r, Geochemical characterization using geophysical
data and Markov Chain Monte Carlo methods: A case
study at the South Oyster Bacterial Transport Site in
Vi rginia. Water Resources Research, 40, W12412, doi:
10.1029/2003WR002883, 2004.
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MULTISCALE HYDROGEOPHYSICAL DATA INTEGRATION FOR PARAMETERIZATION OF
DUAL-DOMAIN TRANSPORT MODEL AT SAVANNAH RIVER SITE

Michael B. Kowalsky, Jinsong Chen, John Peterson, Jens Birkholzer, and Susan S. Hubbard
Contact: Michael B. Kowalsky, 7314, mbkowalsky@lbl.gov

Figure 1. Example of data sets and unknowns considered in mul-
tiscale approach. A statistical model is used to estimate the
unknown proportion of lithofacies (FI) in each large-scale pixel I,
and the unknown lithofacies type in each small-scale pixel i, given
the following data sets: (1) large-scale surface-based geophysical
data; (2) small-scale cross-borehole geophysical data; and (3)
small-scale wellbore data, such as from geophysical logs, flow-
meter logs, or core samples.
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RESEARCH OBJECTIVES
The Berkeley Unexploded-ordnance Discriminator (BUD)

is an optimally designed, active electromagnetic system that
not only detects but also characterizes unexploded ordnance
(UXO). Performance of the BUD system is governed by a target
size-depth curve. BUD was designed to detect UXO in the 20 to
155 mm size range for depths between 0 and 1.5 m, and to char-
acterize them in a depth range from 0 to 1.1 m.  

APPROACH
The system incorporates three orthogonal transmitters and

eight pairs of differenced receivers. BUD is mounted on a small
cart to assure system mobility. System positioning is provided
by state-of-the-art RTK GPS receiver. The system has two
modes of operation: (1) search mode, in which BUD moves
along a profile and exclusively detects targets in its vicinity,
providing target depth and horizontal location, and (2) dis-
crimination mode, in which BUD, stationary above a target,
determines (from a single position) three discriminating polar-
izability responses together with the object location and orien-
tation.  

While UXO objects have a single major polarizability coin-
cident with the long axis of the object and two equal transverse
polarizabilities, scrap metal has three different principal polar-
izabilities. This description of the inherent polarizabilities of a
target is a major advance in discriminating UXO from irregular
scrap metal. Our results clearly show that BUD can resolve the
intrinsic polarizabilities of a target, and that there are very clear
distinctions between symmetric intact UXO and irregular scrap
metal. Moreover, UXO have unique polarizability signatures,
such that distinctions can be made between various UXO.  

ACCOMPLISHMENTS
The field surveys at the Yuma Proving Ground in Arizona

and Camp Sibert in Alabama showed excellent detection and
characterization results within the predicted size-depth range.
“Initial blind testing at a controlled site has shown that the
BUD performance is significantly above any other system,”
said Dr. Jeffrey Marqusee, director of the DoD’s Environmental
Security Technology Certification Program, which adminis-
tered the Yuma field test. 

SIGNIFICANCE OF FINDINGS
BUD has shown that it can differentiate (in real time) buried

UXO from harmless metal, as well as determine the location,
size, and shape of such potential explosives. This technology

can greatly reduce the time and cost of remediation, and poten-
tially provides a valuable, worldwide humanitarian service.
Note that BUD received a 2007 R&D100 award for technology
advances from R&D Magazine.

RELATED PUBLICATIONS
Gasperikova, E., J.T. Smith, H.F. Morrison, and A. Becker,

Berkeley UXO discriminator (BUD). LBNL-62263. SAGEEP
Proceedings, 1049–1055, 2007.

Smith, J.T., H.F. Morrison, and A. Becker, Optimizing receiver
configurations for resolution of equivalent dipole polariz-
abilities in situ: IEEE Trans. Geosci. Remote Sensing, 43,
1490–1498, 2005.

Smith, J.T., H.F. Morrison, L.R. Doolittle, and H.-W. Tseng,
Multi-transmitter null coupled systems for inductive detec-
tion and characterization of metallic objects: Journal of
Applied Geophysics, 61, 227–234, 2007.
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RESEARCH OBJECTIVES
Massive quantities (exceeding 85 tons) of U currently resid-

ing in the Hanford vadose zone will threaten groundwater and
the accessible environment for generations to come.
Understanding the status and mobility of this potentially con-
taminant U in the vadose zone is extremely difficult because of
i n s u fficient historical re c o rds, sediment hetero g e n e i t y, and
complexity of the strongly coupled hydrological and geochem-
ical processes. The overall objective of this research is to iden-
tify the dominant geochemical reactions and transport process-
es between waste streams and sediments occurring during
seepage and upon aging. This knowledge is important, because
the major reactions and transport processes largely determine
the current spatial distribution, speciation, and mobility of U
within the Hanford plumes.

APPROACH
To achieve these goals, we constructed a field-process-

based column-profiling method. Using this method, we can
study flow and geochemical processes simultaneously. We sim-
ulated the Tank BX-102 over-filling event: We synthesized the
historical tank waste solution containing extremely high levels
of U in alkaline brine, and conducted infiltration experiments,
under well-defined conditions, as relevant to the field-release
event as possible. Flow rate and aging time were chosen as the
main variables in these experiments. Analyses of aqueous and

solid phases from these experiments were used to obtain pro-
files of U concentrations and speciation along the plume paths.

ACCOMPLISHMENTS
Several processes demonstrated in these laboratory experi-

ments have direct relevance to U-contaminated sediments such
as those at the Hanford 200 Area. We found that dramatic pH
reduction occurred at the plume fronts. Large peak values of
Ca2+ and Mg2+ concentrations were found within plume pro-
files, resulting from rapid displacement of cation exchange
sites by high concentrations of Na+. Maxima in concentrations
of these divalent cations, along with pH minima, are indicators
of the distance of waste-plume migration. We observed accel-
erated U transport (faster than the flow); the measured U con-
centration maxima at plume fronts exceed their source levels
by up to 5-fold. Thus, peaks in U concentrations in contaminat-
ed sediments can be expected from fast U transport and accu-
mulation at plume fronts. We also found that transport of U in
waste plumes was strongly dependent on flow rate. Kinetic
limitations on sorption and precipitation permitted practically
unretarded U transport at higher flow rates. 

SIGNIFICANCE OF FINDINGS
In general, this laboratory study shows that the rate of

waste infiltration must have been a primary factor behind the
observed deep transport of U in the Hanford vadose zone, and
that predictions based on equilibrium Kd partitioning of U
would greatly underestimate the extent of U migration. This
new understanding of U fate and transport within alkaline
waste plumes is important for predicting U current spatial dis-
tribution, speciation, and future mobility in the Hanford
vadose zone.

RELATED PUBLICATIONS
Wan, J., T. K. Tokunaga, Y. Kim, Z. Wang, R. J. Serne, E. Saiz,

and A. Lanzirotti, Effect of saline waste solution infiltration
rates on uranium retention and spatial distribution in
Hanford sediments. LBNL-63501. Environ. Sci. Technol., 42,
1973-1978, 2008.
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QUANTIFYING AND PREDICTING REACTIVE TRANSPORT OF
URANIUM IN HANFORD WASTE PLUMES
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Figure 1. Accelerated U transport and kinetic limitations: (a) Pro-
files of normalized U:normalized Na, showing U moved faster
than Na up to 60 times, and U accumulation at the plume fronts;
(b) U profiles normalized to the influent U concentration, showing
U concentrations exceeding their source levels by up to 5-fold at
the plume front region.
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RESEARCH OBJECTIVES

Remediation and long-term stewardship of uranium-con-
taminated sediments and groundwaters are critical problems at
a number of DOE facilities and mining sites. Some remediation
strategies based on in situ bioreduction
of uranium (U) are potentially effective
in decreasing U concentrations in
g roundwaters. Our current re s e a rc h
targets three basic issues concerning U
bioreduction: (1) effects of organic car-
bon (OC) forms and supply rates on
stability of bioreduced U, (2) roles of
iron (Fe) and manganese (Mn) oxides as
potential U oxidants in sediments, and
(3) microbial community changes in
relation to U redox changes. 

APPROACH
Our studies are being conducted on

U-contaminated sediments from the
Field Research Center (FRC), Oak Ridge
National Laboratory, in flow-thro u g h
columns. Transformations of U are being
tested in FRC sediments supplied with
lactate or acetate at rates ranging from 0
to 580 mM (kg sediment)- 1 y e a r- 1. Micro -
x-ray absorption spectroscopy is being
used for directly determining distribu-
tions of Mn, Fe, and U oxidation states in
sediments at various stages of OC-stim-
ulated bioreduction. Chemical methods
a re being used for determining concen-
trations of Fe(II), Fe(III), and U in sedi-
ments and pore waters. We analyzed the
s t ru c t u re of the stimulated micro b i a l
communities in columns receiving ten diff e rent OC supply tre a t-
ments at two time points: first during a phase of net U-re d u c t i o n ,
and later during a phase of U-reoxidation and re m o b i l i z a t i o n .

ACCOMPLISHMENTS
Effluent U concentrations show complex but reproducible

dependence on the OC supply rate, consistent with OC oxida-
tion having dual impacts of driving U reduction as well as for-
mation of soluble U(VI)-carbonato complexes. We also found
that lactate and acetate have the same geochemical impact on
effluent U concentrations, when compared on the basis of C

supply rate. We identified several factors that point to a resid-
ual reactive Fe(III) fraction in these sediments that likely serves
as the terminal electron acceptor for U re o x i d a t i o n .

Community analysis using a high-den-
sity 16S microarray (16S Phylochip)
indicates that OC supply rate is the pri-
mary determinant of the bacterial com-
munity composition, and that signifi-
cant shifts in community dynamics
occur between the U-reduction and
remobilization phases. 

SIGNIFICANCE OF FINDINGS
O rganic-carbon-induced U re d u c-

tion in sediments can exhibit rapid early
stage reduction followed by transient U
reoxidation. The persistence of high
concentrations of Fe(III) supports the
possibility that a reactive Fe(III) fraction
can drive U reoxidation under reducing
conditions. This work also shows that
although reoxidized U is eventually fur-
ther reduced under a continuous supply
of OC, a U(VI) fraction remained after
over 400 days of reduction.

RELATED PUBLICATION
Wan, J., T.K. Tokunaga, E. Brodie, Z.

Wang, Z. Zheng, D. Herman, T. C .
Hazen, M.K. Firestone, and S.R. Sutton.
Reoxidation of bioreduced uranium
under reducing conditions. LBNL-
56058. Environ. Sci. Technol. 39,
6162–6169. 2005.
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Figure 1. Time trends in average oxidation states,
determined by x-ray absorption spectroscopy, of
(a) manganese, (b) iron, and (c) uranium in sedi-
ments supplied with different concentrations of
organic carbon (OC). These results show that,
unlike Mn, a large Fe fraction remains unre-
duced after significant U reduction has occurred.
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RESEARCH OBJECTIVES
Our objective in this work is to develop a novel approach

and provide evidence of long-term, in situ bioimmobilization
of Cr(VI) in groundwater, by transformation of toxic and solu-
ble Cr(VI) into nontoxic and insoluble Cr(III) complexes, using
a 13C-labeled slow release polylactate.  

APPROACH AND METHODS
A δ13C-labeled slow-release polylactate was injected in the

Hanford aquifer through the injection well in August 2004.
Monitoring was conducted in one upgradient and three down-
gradient observation wells, using hydrogeological and geo-
chemical measurements (including stable isotope analysis),
geophysical measurements, and microbiological analyses of
water samples and sediments. 

ACCOMPLISHMENTS
A single lactate injection into Cr(VI)-contaminated gro u n d-

water stimulated a 2–3 order of magnitude increase in bio-
mass—up to 107– 1 08 cells ml- 1. The carbon isotope composition

of DIC confirmed the presence of lactate metabolism bypro d-
ucts. Depletion of competing terminal electron acceptors O2,
N O3 -, and SO42 - o c c u r red sequentially, resulting in the cre a t i o n
of dissolved ferrous ion. Sulfate and iron microbial re d u c e r s
a p p a rently maintain the presence of Fe(II) and hydrogen sul-
fide, subsequently maintaining Cr(VI) reduction for about 3
years (a) below the drinking water standards in the injection
well, and (b) below up-gradient (background) concentration.
P revailing mechanisms of Cr(VI) reduction are direct enzymat-
ic chromate reduction and/or abiotic geochemical pro c e s s e s
involving the formation of insoluble complexes of Cr(III) with
Fe(II) or S- 2.

SIGNIFICANCE OF FINDINGS
Using naturally occurring microorganisms to reduce Cr(VI)

is very important for reducing risk of groundwater pollution at
contaminated sites. Adding lactate to a contaminated aquifer
may offer a low-cost and effective approach to the control of
Cr(VI)-contaminated aquifers. 

RELATED PUBLICATION
Faybishenko, B., et, el., In situ long-term bioimmobilization of

CR(VI) in groundwater using slow-release lactate.
Environmental Science and Technology (submitted), 2008.
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Figure 1. Average Cr(VI) concentrations in water from the injec-
tion and monitoring wells.



RESEARCH OBJECTIVES
The mobility of metals in riverine, estuarine, and lacustrine

sediments is affected by complex coupled biotic and abiotic
geochemical processes that reflect redox disequilibrium and
cannot be modeled using conventional equilibrium-based
models. Competing mechanisms in these enviro n m e n t s
include the mobilization of sorbed metals by reductive dissolu-
tion of hydrous ferric oxides and the precipitation of metal sul-
fides upon reaction with biogenic sulfide. In addition, the toxi-
city of metals in polluted environments can have a significant
effect on microbial activity and thus indirectly affect metal bio-
geochemical behavior. The objective of this project was to
investigate these processes in the sediments of Lake Coeur
d’Alene, Idaho, which have been heavily impacted by
upstream mining activities, with emphasis on the reactive-dif-
fusive transport of zinc, lead, and copper.

APPROACH
A conceptual model was developed based primarily on

field data and observations reported in the literature. A numer-
ical model was then implemented based upon the PHREEQC
code. The model incorporates a multicomponent biotic reaction
network, re p resenting multiple terminal electro n - a c c e p t i n g
processes by a consortium of anaerobic microbial species, via
nonlinear kinetics, to capture the electron-acceptor limitations
on degradation rates, as well as the inhibition by presence of
alternative electron acceptors (Figure 1). In addition, we have
constructed and applied “dose-structured” kinetics to quantify
the dynamics of microbial populations when their degradation
rate is affected by the presence of toxic metals.

ACCOMPLISHMENTS 
The model captures the mobilization of metals initially

sorbed onto hydrous ferric oxides, through bacterial reduction of
ferric iron near the top of the sediment column, coupled with the
p recipitation of metal sulfides at depth caused by biogenic sul-
fide production. Key reactions involve the dissolution of ferrihy-
drite and precipitation of siderite and iron sulfide. The model
c a p t u res the observed trends of increased alkalinity, sulfide,
i ron, and heavy metal concentrations below the sediment-water
interface, together with decreasing terminal electro n - a c c e p t o r
concentrations with depth, including the development of anoxic
conditions within about a centimeter into the sediments.

SIGNIFICANCE OF FINDINGS
This effort provides insights on important biogeochemical

processes affecting the cycling of metals in Lake Coeur d’Alene

and similar metal-impacted lacustrine environments. In partic-
ular, simulation results indicate that the relative rates of ferric
iron versus sulfate reduction may be an important factor con-
trolling pH and types of ferrous minerals precipitation at
depth. Upon reductive dissolution of hydrous ferric oxides,
numerical experiments indicate that a delicate balance takes
places between FeS and FeCO3 precipitation, which compete
for aqueous ferrous iron, and the formation of aqueous (bi)sul-
fide complexes, which compete with the precipitation of FeS
and other metal sulfides for biogenic sulfide. This study repre-
sents a first attempt, to our knowledge, at modeling the reac-
tive transport of heavy metals in sediments by integrating the
coupled effects of microbial Fe-oxide reductive dissolution,
biogenic sulfide production, and metal sorption through the
use of a full surface complexation model under redox disequi-
librium.

RELATED PUBLICATIONS
S e n g o r, S., N. Spycher , T.R. Ginn, R.K. Sani, and B. Peyton B.,

Biogeochemical re a c t i v e - d i ffusive transport of heavy metals
in Lake Coeur d’Alene sediments. Applied Geochemistry,
22, 2569-2594, 2007.
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MODELING BIOGEOCHEMICAL TRANSPORT OF METALS IN
MINING-IMPACTED LAKE SEDIMENTS

N. Spycher, S. Sengor1, and T. Ginn1
1U.C. Davis, Civil and Environmental Engineering Department

Contact: N. Spycher, 510-495-2388, nspycher@lbl.gov

Figure 1. Illustration of the benthic porous media with primary
processes governing the fate and transport of toxic metals. Also
shown are redox couples and solid phases considered in the bio-
geochemical model (Sengor et al., 2007). 
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RESEARCH OBJECTIVES
Fermi National Accelerator Laboratory (Fermilab) operates

a neutrino beamline in an underground facility that includes
several research halls, a vacuum decay pipe between the beam
t a rget and absorber, and various maintenance stru c t u re s
(drainage and ventilation systems, and a walkway). As a
byproduct of beamline operation, tritium is produced in engi-
neered materials (i.e., concrete and steel used for shielding)
and the surrounding rock. Once the tritium is generated, it may
be contained at the source locations or migrate (in the liquid
phase or as tritium vapor) to other regions within the facility.
The tritium is collected by the drainage system, aired to the
atmosphere, contained in engineered materials, or released to
the surrounding subsurface environment. The purpose of the
study is to better understand the fate and transport of tritium
generated in the facility, in order to be able to (1) evaluate
potential environmental impacts, (2) determine tritium sources
after the beam is shut off, (3) estimate the effects of the planned
increase in beam intensity on tritium production and releases,
and (4) help design and optimize mitigation measures.  

APPROACH 
The amount and distribution of tritium present in the facil-

ity—and its movement through engineered materials, the frac-
tured rock, and the ventilation and drainage systems—are
examined by (1) a detailed analysis of the tritium data collect-
ed by Fermilab, (2) laboratory diffusion tests on concrete and
rock cores, (3) isotopic analyses of pore-water samples, and (4)
numerical simulations of water and air flow and tritium trans-
port.

ACCOMPLISHMENTS
Tritium concentrations in the concrete shielding and the

rock formation were measured to determine whether these
materials contain sufficient tritium to act as a long-term source.
Tritium diffusion coefficients were determined, since they
affect the long-term release and uptake of tritium. Using the
information from the laboratory experiments and other avail-
able data, we developed a model that simulated (1) groundwa-
ter flow and tritium transport towards the drainage system, (2)
air and water flow through the ventilated walkway and sur-
rounding unsaturated concrete/rock, and (3) tritium vapor
transport with the ventilated air and its transfer to liquid water
in the surrounding concrete/rock. The main tritium transport
mechanisms were identified as (1) advective transport with air-
flow and mass transfer between gaseous and aqueous phases
in underground openings, (2) advective and diffusive transport

in concrete and fractured rock, and (3) mass
transfer between tritium vapor in the under-

ground openings and concrete or rock walls. The model repro-
duced the measured tritium concentrations in the drainage
water reasonably well.

SIGNIFICANCE OF FINDINGS 
The combination of laboratory experiments, data analyses,

and numerical modeling provided a good understanding of
the tritium inventory and transport mechanisms that govern
the short- and long-term behavior of this radionuclide. The
impact of operational changes on tritium accumulation and
release from the facility can be studied, allowing Fermilab to
implement appropriate design changes and mitigation meas-
ures if necessary.

RELATED PUBLICATION
Finsterle, S., M. Conrad, M. Kennedy, T. Kneafsey, K. Pruess, R.

Salve, G. Su., and Q. Zhou, Mobility of tritium in engi-
neered and earth materials at the NuMI Facility, Fermilab.
LBNL-61798, Lawrence Berkeley National Laboratory,
Berkeley, California, March 2007.
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F i g u re 1. Distribution of simulated tritium concentration
(pCi/mL) at 10 years after the beamline is turned off. Tritium is
initialized in both the fractured rock and Decay Pipe concrete
based on the generated tritium mass pattern. The insert shows the
mass transfer between tritium vapor in the walkway and sur-
rounding concrete/rock in terms of relative concentration.
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RESEARCH OBJECTIVES
It has become increasingly clear that hydro l o g-

ical, meteorological, and biogeochemical pro c e s s e s
a re coupled and highly dynamic over a wide range
of spatial and temporal scales. Understanding
these processes with sufficient accuracy, and in the
face of anthropogenic and global changes, is a pre-
requisite to successful management of water
re s o u rces and ecosystems. Developing such an
understanding is predicated on our ability to
advance and synthesize relevant but disparate
modeling, measurement, analysis, and visualiza-
tion tools. The Digital Watershed brings together
integrative projects that combine engineering,
computer science, and ecologic and hydro m e t e o ro-
logic expertise to advance our ability to understand
and optimally manage water systems. The Digital
Watershed Research Thrust A rea currently has
t h ree significant projects in its portfolio: Micro s o f t
eScience, NSF/EPA EcoInformatics, and Modeling
Framework for Nutrient Cycling. 

APPROACH AND 
ACCOMPLISHMENTS

Our eScience project is a partnership between
computer and physical science leaders that has
developed key infrastru c t u re. This infrastru c t u re
includes semi-automated data ingest tools, database
and associated schema for data storage, data cubes
with pre-defined multidimensional viewing, data
b rowsing, and support for multiple data versions.
The project has resulted in an Ameriflux and
FLUXNET Scientific Data Server that has re c e i v e d
high marks from the biogeochemistry community.
The server is being applied to the Russian River watershed as part of
an analysis of fish sustainability, in partnership with the National
Marine Fisheries Service. 

The EcoInformatics project is advancing information-system
technology in support of environmental action, science, decision
making, and program management. Emerging semantic technolo-
gies are enabling us to focus on environmental and health concepts,
and the relations between concepts, in ways not previously possible.
The re s e a rch, development, demonstration, and education related to
this project serves to advance semantics management and semantics
services as needed, to improve the integration of—and the interaction
with—the enormous and diverse store of stru c t u red, semi-stru c-
t u red, and unstru c t u red data related to the environment and health.

The Modeling Framework for nutrient cycling is a joint BWC-
L B N L Earth Sciences Division project supported through the
Laboratory Directed Research and Development program. It focuses
on enhancing the ability to simulate local-to-regional-scale water,

nutrient, and elemental fluxes. The motivation for
this effort is the need to predict and interpret the
e ffects of climate, hydro l o g y, and land-use change in
a reas where such predictions are critical, such as the
California Central Va l l e y. The technical objective of
the project is the development of a coupled model-
ing framework (using TOUGH2, TO U G H R E A C T,
and CLM3.0) with reactive biogeochemical trans-
port capabilities (see Figure 1). 

SIGNIFICANCE OF FINDINGS
The eScience and EcoInformatics hydro l o g y -

ecology-IT projects demonstrate advanced
a p p roaches for tackling complex water challenges
t h rough integration of advanced data services and
IT expertise with hydrological concepts and analy-
sis tools—to efficiently integrate disparate water-
related datasets distributed over various scales and
forms, in order to test hypotheses re g a rding water
balance, water quality, and ecosystem science ques-
tions. 

The Modeling Framework for Nutrient Cycling
is being used to address the effects of regional cli-
mate change on the dynamics of the nitrogen cycle
in the Central Va l l e y. This includes simulations of
climate forcing on infiltration, vegetation dynam-
ics, microbial processes, chemical reactions, and
chemical transport within the near-surface, vadose,
and saturated zones. The expected outcome of sim-
ulation studies with the new code is a better under-
standing of water, energ y, and nutrient cycling and
their changes under various future climate, land-
use, and hydrologic scenarios. 

RELATED PUBLICATIONS
Gu, C., F. Maggi, G.M. Hornberger, W.J. Riley, R.T. Venterea,

C.M. Oldenburg, N.L. Miller, N. Spycher, and T. Xu,
Nitrogen losses from different N sources induced by fertil-
izer application. Water Resources Research (in review),
2008. 

Maggi, F., C. Gu, W.J. Riley, R.T. Ve n t e rea, G. M. Hornberg e r, T.
Xu, N. Spycher, C.I. Steefel, N.L. Miller, and C.M. Oldenburg ,
Mechanistic modeling of biogeochemical nitrogen cycling:
Model development and application in an agricultural sys-
tem. Journal of Geo. Res. - Biosciences, 113, 2008.

Pan, L., J. Jin, N.L. Miller, Y-S Wu, and G.S. Bodvarsson,
Coupling TOUGH2 with CLM3: Developing a coupled
land surface and subsurface model. LBNL-
61018, Vadose Zone Journal (in pre s s ) ,
2007.
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F i g u re 1. CLM and CLM-
TOUGH comparison of the
water table with observations
(Pan et al. 2007), and experimen-
tal and modeled time-evolving
average soil water saturation of
solutes at 0–5 cm and 5–10 cm
(Maggi et al. 2007)
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RESEARCH OBJECTIVES
The biogeochemical nitrogen cycle and NO, N2O, and CO2

gas production in nitrogen-enriched agricultural fields are
mediated by several soil microbial populations, the hydrologi-
cal cycle, plant dynamics, and climate. Understanding the
release of NO, N2O, and CO2 from the soil surface to the
atmosphere is a key factor in controlling greenhouse gas emis-
sions, and assumes ever greater importance in view of the
expected increase in biofuel, food, and fiber production. The
objective of this research is to develop a mechanistic model for
N cycling and losses from agricultural fields, and to investigate
the effects on N cycling of irrigation and fertilizer amount,
type, and depth of application.

APPROACH
We have developed a mechanistic model (TO U G H R E A C T- N )

based on TOUGH2 and TOUGHREACT for various nitrification
and denitrification pathways, multiple microbial biomass dynam-
ics, hydrological dynamics, and chemical reactions at local equilib-
rium and under kinetic control. The soil column is re p resented in
a 1-D framework, with hydraulic properties described by a water
tension/saturation model. Biotic and abiotic reactions are assumed
to follow Michaelis-Menten kinetics, while biomass is assumed to
follow multiple Monod growth kinetics accounting for electro n
d o n o r, electron acceptor, and inhibitor concentrations. Water flow
is modeled with the Darc y - R i c h a rds equation, and advective and
d i ffusive tracer transport is modeled in both gaseous and liquid
p h a s e s .

ACCOMPLISHMENTS
We have applied TOUGHREACT-N to an agricultural field

and tested its performance against measurements of soil mois-
ture, pH, NH4+, NO2-, and NO3- ion concentrations, and NO,
N2O, and CO2 gas emissions from the soil. Good agreement
between field observations and model predictions was found
for all these quantities. We have been able to estimate gas emis-
sions, solute leaching of several nitrogen species, and the verti-
cal distribution of nitrifier and denitrifier populations. Finally,
we have carried out a comprehensive analysis of gaseous emis-
sions and solute-leaching fractionation and losses for various
fertilization and irrigation practices.

SIGNIFICANCE OF FINDINGS
In contrast to the predictions of nonmechanistic, coarse-scale

models, all losses nonlinearly increase with fertilizer and water
application amount, and with fertilizer application depth (Figure
1). Diff e rent fertilizer types have resulted in substantially diff e re n t

N-loss patterns over time, and these patterns depend strongly on
soil type. Our results suggest revision of the general assessment of
soil N balances and N loss estimates from field to watershed
scales. 

RELATED PUBLICATIONS
Maggi, F., C. Gu, W.J. Riley, G.M. Hornberger, R.T. Venterea, T.

Xu, N. Spycher, C. Steefel, N.L. Miller, and C.M. Oldenburg,
Mechanistic modeling of biogeochemical nitrogen cycling:
model development and application in an agricultural sys-
tem, JGR - Biogeosciences, 13, 2008.

Gu, C., F. Maggi, W. J. Riley, G.M. Hornberg e r, R.T. Ve n t e rea, T.
Xu, N. Spycher, C. Steefel, N.L. Miller, and C.M. Oldenburg ,
N i t rogen losses from diff e rent N sources induced by fertiliz-
er application. Water Resources Research (in review), 2008.
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COUPLED MODELING OF HYDROLOGY, NUTRIENT CYCLING, AND VEGETATION:
APPLICATIONS TO AGRICULTURAL FIELDS
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Figure 1. (a) Cumulative normalized gas fluxes and (b) leachate
fluxes measured at 15 cm depth as functions of fertilizer amount.
Fluxes are normalized to those corresponding to a fertilizer appli-
cation of 120 kg N ha-1.
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RESEARCH OBJECTIVES
In response to the looming threat of future water shortages in

California, the Department of Interior has re q u i red that water con-
tractors develop water conservation plans. The criteria for agricul-
tural and urban water contractors are well established, but there
a re no equivalent criteria available for sea-
sonally managed wetlands. The ability to
estimate water and salinity balances from the
170,000 acres of managed seasonal wetlands
in the San Joaquin Basin of California is also
critical to management of salt loads in wet-
land drainage, to improve compliance with
stringent Environmental Protection A g e n c y
( E PA) mandated water quality objectives for
s a l i n i t y. There is a dearth of data and of ana-
lytical tools to quantify the re l a t i o n s h i p s
between wetland water and drainage man-
agement and ecological health.

APPROACH
The most important factors in develop-

ing wetland water and drainage manage-
ment practices are estimates of the compo-
sition of wetland moist-soil-plant vegeta-
tion, and the water required to meet evap-
otranspiration losses of the various species of moist soil plants.
Polygon-based E-Cognition software—which uses spectral and
shape characteristics of the raw high-resolution imagery to sep-
arate pixels into self-similar landscape objects—and pixel-
based ERDAS imaging software were compared in their ability
to accurately map wetland vegetation. A maximum likelihood
classifier was selected for analysis of the images. The technique
requires the input of training data used to define statistically
based spectral bounds for each class. Training areas were
derived from ground-truth points by incorporating field data
that described the size and shape of the patch within each wet-
land impoundment, using a modified version of the California
Native Plant Society’s Rapid Assessment Protocol. Accuracy
assessment was performed using 50% of the ground-truth data
not used for the development of spectral signatures.  

ACCOMPLISHMENTS
Maps of seasonal wetland moist-soil plants in the San Joaquin

Basin were developed with a combination of pixel- and polygon-
based image processing techniques, using 2-meter Quickbird
imagery flown during April, May, and June 2005. Twenty-six diff e r-
ent plant communities were re p resented in a total of 20 land cover

classes. An overall mapping accuracy of 60% was achieved, with
slightly better overall accuracy achieved using the pixel-based
m e t h o d o l o g y. However, future improved utilization of the informa-
tion present in high-resolution imagery obtained at diff e rent dates,

and improved stratification of data collection
a c ross land-cover classes, will likely favor the
polygon-based method. Characteristic of the
complexity inherent in these wetlands, land-
cover classes, such as the important water-
fowl food source Crypsis schoenoides
(swamp timothy), were mapped at an accura-
cy approaching 80% when combined with a
spectrally similar land-cover class Scirpus
marititimus (alkali bulrush). 

SIGNIFICANCE OF FINDINGS
The results of this research are encour-

aging for future efforts to map seasonal
wetlands throughout the United States.
Remote-sensing techniques, such as those
compared in this study, make it possible to
develop quantitative vegetation assess-
ments from previously unmapped areas
that would otherwise be inaccessible or

prohibitively costly to survey. Accurate maps of wetland vege-
tation will lead to the first realistic estimates of regional wet-
land seasonal evaporation and evapotranspiration—which are
important first steps in developing improved water and
drainage management practices. Future improvements to the
methods developed in this research, using even finer resolution
imagery and greater overflight fre q u e n c y, will be sought
t h rough collaborative ventures with the Grassland Wa t e r
District, the California Department of Fish and Game, and the
California Waterfowl Association. 

RELATED PUBLICATIONS
Quinn, N.W.T., and W. Mark Hanna, Real-time adaptive man-

agement of seasonal wetlands to improve water quality in
the San Joaquin River. Advances in Enviro n m e n t a l
Research, 5, 309–317, Elsevier Science Ltd., 2002.
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COMPARISON OF TWO STATE-OF-THE-ART REMOTE-SENSING TECHNIQUES FOR
DEVELOPMENT OF IMPROVED WETLAND-DRAINAGE MANAGEMENT PRACTICES
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Figure 1. Polygon-based segmentation of
h i g h - resolution multispectral imagery of
seasonal wetland vegetation into self-simi-
lar objects
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RESEARCH OBJECTIVES
The 178,000-acre Grassland Ecological Area in California’s

San Joaquin Valley provides overwintering habitat to water-
fowl on the Pacific Flyway. The major management activity is
the fall flooding and spring drawdown of wetlands, timed to
optimize the availability of forage vegetation and invertebrates
for ducks and shorebirds. Wetland drainage contains elevated
concentrations of salt, boron, and nutrients, increasing the fre-
quency of water-quality violations in the San Joaquin River
(SJR) during dry years. Compliance with SJR water-quality
objectives can be achieved by timing wetland drawdown to
coincide with the increased assimilative capacity in the river
during mid-March to mid-April, when reservoir releases are
increased to aid salmon migration.  

The present research is part of a large-scale, multiyear
investigation by several institutions on the impacts of delayed
drawdown on wetland ecology and water quality. The focus of
the present research is the algae and invertebrate populations
and their effects on water quality. The unknowns addressed are
(1) the concentrations of suspended microalgae resulting from
delayed drawdown; (2) the relative importance of factors that
limit microalgae concentrations, such as invertebrate grazing,
nutrients, and turbidity; (3) changes in nutrient and organic
matter concentrations in the drainage; and (4) changes in
planktonic and benthic invertebrate densities.

APPROACH
To determine the effects of delayed drawdown, thre e

matched pairs of wetland basins (20–100 acres each) were
selected for study within the Grassland Ecological Area. In
each pair, one wetland has been operated with the traditional
March drawdown, while for the other, drawdown has been
delayed a month. Water and soil samples have been collected
during the flooded period at the inlet and outlet weirs and
along transects. The water quality tests have included suspend-
ed solids, nitrogen and phosphorus, total organic carbon, alka-
linity, and turbidity. Algae and invertebrates have been enu-
merated and identified to the genus level.

ACCOMPLISHMENTS
The sampling for the first year of the study was conducted

during February–April 2007. Suspended microalgae were pre-
dominantly chorophytes and diatoms rather than cyanobacte-
ria, and zooplankton were predominantly algae-grazing water
fleas (Daphnia). Preliminary analysis shows that despite a gen-
eral increase in the density of Daphnia during the delayed
drawdown, microalgae concentrations still increased substan-
tially in two of the three wetlands (150% and 330% increases

reaching up to 39 mg/L volatile suspended solids), whereas
the concentration declined 47% in the third wetland. The rea-
son for this decline has yet to be determined. Additional analy-
sis and a second year of sampling is planned.

SIGNIFICANCE OF FINDINGS
The main purpose of delayed drawdown is to increase the

dilution of the wetland drainage salinity in the SJR. The appar-
ent secondary effect of increased invertebrate densities should
i m p rove shore b i rd forage opportunities, but concomitant
increases in suspended algae biomass lead to greater organic
matter discharges. These competing factors will be considered
by wetland managers and regulators as they work to protect
wildlife and societal uses of the San Joaquin Valley’s water
resources. 

RELATED PUBLICATIONS
Stringfellow, W. T., and N.W.T. Quinn, Discriminating between

west-side sources of nutrients and organic carbon con-
tributing to algal growth and oxygen demand in the San
Joaquin River. LBNL-51166, Lawrence Berkeley National
Laboratory, Berkeley, Calif, 2002.
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IMPACTS OF DELAYED DRAWDOWN ON AQUATIC BIOTA AND
WATER QUALITY IN SEASONAL WETLANDS
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Figure 1. Student Laleh Rastegarzadeh collecting data at the
Gadwall-5 wetland outlet, Grassland Water District, California.
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RESEARCH OBJECTIVES
Groundwater is a major source of

fresh water resources in the western
United States. Understanding and fore-
casting groundwater level changes are
essential to the region’s well being. The
objective of this study is to quantitative-
ly investigate the relationship between
the groundwater level and climate vari-
ation over the Merced watershed. 

APPROACH
This study was performed using the

Single Column Climate Model (SCCM)
developed by the National Center for
Atmospheric Research (NCAR). In SCCM, 18 vertical sigma
layers are configured from the surface to the top of the atmos-
phere, at which the pressure is 1.8 hPa. The study domain has
24 grid cells at approximately 15 km resolution, which covers
the entire Merced watershed, and SCCM ran independently at
each grid cell. Reanalysis data developed by the National
Centers for Environmental Prediction (NCEP)/NCAR were
used in the SSCM for the initial and lateral conditions, with the
lateral conditions updated monthly. A 55-year simulation was
performed over the period of 1948–2002 at each grid cell. 

ACCOMPLISHMENTS
The statistical analysis based on the SCCM simulations

(Table 1) indicates that the water table is positively correlated
with precipitation and snow water equivalent (SWE) during
winter. A similar correlation for precipitation and SWE is also
seen in spring. In addition, the colder surface is found to lift the
water table by suppressing evaporation in this season, while
the warmer surface lowers the water table by increasing evap-
oration. Meanwhile, a positive correlation between water table
and runoff is very significant in spring. In summer, the higher

(lower) water table produces stronger
(weaker) evaporation, which signifi-
cantly increases (decreases) pre c i p i t a-
tion. Meanwhile, the stronger (weaker)
evaporation results in colder (warmer)
surface. The water table in the fall has
the same influence on evaporation as in
summer, but it is also positively correlat-
ed with runoff. However, a relationship
between precipitation and the water
table is not found in this season, because
the impact of surface and shallow sub-
surface runoff on the water table is very
dominant. 

FINDINGS
It is shown that the water table is highly correlated to the

climate change in all four seasons, but the processes with high
correlations are different in different seasons (Table 1). The
strongest relationship between the water table and climate
change is found in the spring season for this region, indicating
that the land-surface processes are most actively interacting
with the atmosphere during the this season, as compared to the
other three seasons.

RELATED PUBLICATIONS 
Pan, L., J. Jin, N.L. Miller, Y.-S. Wu, and G. Bodvarsson,

Modeling hydraulic responses to meteorological forc i n g :
F rom canopy to aquifer. Vadose Zone Journal, 7 (1), 2008.
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TOWARD UNDERSTANDING THE RELATIONSHIP BETWEEN GROUNDWATER
AND HYDROCLIMATE OVER THE CALIFORNIA MERCED RIVER BASIN

Jiming Jin and Norman L. Miller
Contact: Jiming Jin, 510/486-7551, JimingJin@lbl.gov

Table 1. Correlations coefficients between water
table and precipitation (P), evaporation (E), sur-
face temperature (TG), streamflow (R), and SWE
for the 55-year period of 1948–2002. The num-
bers in italics indicate that the correlation coeffi-
cients do not pass the 99% significance test.

Winter Spring Summer Fall
P 0.38 0.39 0.45 0.16
E 0.10 -0.42 0.45 0.48
R 0.30 0.52 0.15 0.58
SWE 0.54 0.38 -0.23 -0.22
TG 0.12 -0.51 -0.36 0.05



RESEARCH OBJECTIVES
To provide water-resources decision makers with a better

understanding of the consequences of persistent droughts, we
have developed a series of numerical investigations to deter-
mine system behavior and economic impacts under a range of
prescribed drought conditions. The objectives of these investi-
gations are to quantify the impacts of long-term droughts—an
analogue for snowpack reduction—on water storage and
hydropower generation, and to illustrate the potential for con-
junctive use of surface and subsurface storage, in order to limit
the adverse impacts of drought and snowpack reduction on
water supply and hydropower generation. This includes how
groundwater pumping compensates for reductions in surface
inflow, the extent to which the water table is reduced, and
when this system recovers or reaches a new equilibrium.

APPROACH
Analysis of California Central Valley impacts of sustained

droughts are based on a series of specified reductions of
10–70% in net surface flows for periods ranging from 10 to 60
years, and applied to the California Department of Water
Resources (CDWR) California Central Valley Simulation Model
(C2VSIM). This simplified methodology represents a means by
which to evaluate the impact of reductions in net surface
inflow to reservoirs. Rather than focus on causes of global cli-
mate change, the CDWR Water Plan looks at potential impacts
of climate change on water resources in California and strate-
gies for adapting to these changes.

ACCOMPLISHMENTS
Evaluation of the range of re s e r v o i r-operating and gro u n d-

w a t e r-pumping scenarios show how the water table responds to
these prescribed droughts, including the rate of gro u n d w a t e r
drawdown during drought and the rate of groundwater re c o v-
ery after drought. Figure 1 (upper) illustrates the relative change
in Central Valley water table levels (delwt) in response to the
most severe prescribed drought scenario for 60 years. Here ,
s t ream flow to major California reservoirs is reduced to 70%
below average from 2010 to 2070. Surface irrigation deliveries to
a g r i c u l t u re fall to roughly 50% of average deliveries, with farm-
ers assumed to increase groundwater pumping to offset the
decline in their surface deliveries. The uppermost panel illus-
trates groundwater levels with an assumed constant amount of
irrigation water applied to agricultural crops. The lower panel
assumes that low value crops are removed from pro d u c t i o n
when groundwater pumping ceases to be profitable. 

Constant crop-water demand in the Sacramento Basin
results in a groundwater decline of 77 feet during
the imposed drought, but recovers rapidly. In the
Tu l a re basin (SR17), groundwater drops 390 ft

during the drought period, recovering slightly after the dro u g h t .
The northern Central Valley is better protected from dro u g h t
than the southern region. The trend of falling groundwater is
maintained even after accounting for a decline in high-cost
g roundwater pumping.

SIGNIFICANCE OF FINDINGS
Our partial, preliminary results show that drought causes

g roundwater levels to decline throughout the California
Central Valley, but the impact on the groundwater table is less
severe in the northern than in the southern Central Valley (and
groundwater recovery is much quicker). The impact is not
s e v e re enough to cause dramatic changes in cro p - w a t e r
demands in either the northern or southern basins.

RELATED PUBLICATIONS
M i l l e r, N.L., L.L. Dale, S. Vicuna, C. Brush, J. Dogrul, and T. Kadir,

D rought analysis of the California Central Valley surface-
g ro u n d w a t e r-conveyance system. Report to the Department
of Water Resources, Presentation at the Fall 2006 AGU, J.
American Water Resources Association. (in review), 2007.
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Figure 1. The upper panel shows California Central Valley water
table response to a prescribed 70% reduction in surface flow for
10, 20, 30, and 60 years. The 10-year spin-up, surface flow reduc-
tion, and 30-year recovery time series for Sacramento Basin sub-
regions, SR1, SR2, SR3, and San Joaquin subregions SR16, SR17,
and SR18.
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ESD’s Climate and Carbon Sciences Program (CCS) is an
integrated program that seeks to understand the physical,
chemical, and biological processes affecting the Earth’s atmos-
phere, land, and oceans. CCS conducts research into how
Earth’s processes may be affected, either directly or indirectly,
by changes in radiative forcing of climate resulting from ener-
gy production and use. In addition, program research on bio-
geochemical cycles and climate also addresses other pressing
issues such as stewardship of water resources and the environ-
mental effects of biofuels. To that end, we have active projects
on climate and hydrology, climate change, terrestrial and
marine biogeochemistry, and carbon sequestration by terrestri-
al ecosystems. Note that after seven years of successful expan-
sion, in 2007 the Climate Change and Carbon Management
Program was divided into two programs, Climate and Carbon
Sciences (summarized below) and one for Geological Carbon
Sequestration (summarized elsewhere in this volume). 

CCS is also poised to develop new areas of climate science,
including research in biofuels and alternative energy, subsur-
face hydrology, computational mathematics, and other fields.
CCS has several significant research initiatives in these areas,
with demonstrated potential to make vital contributions to
BER’s climate change portfolio. These include:

• The conceptual design of a Center for Integrated Earth
System Modeling

• New methods for measuring and understanding the sta-
bilization of soil organic matter and ecosystem feedbacks
to climate change

• Regional hydro m e t e o rology and the hydro l o g i c a l
impacts of climate change

In the fall of 2007, the Program hosted a multinational lab
workshop on abrupt climate change. The product of this work-
shop was the beginning of a large, long-term, interdisciplinary
DOE-funded project that will greatly improve our ability to
predict the probability of abrupt climate change—using a set of
five different mechanisms, from ice-shelf disintegration to high
latitude ecosystem response. 

SCIENTIFIC FOCUS AREAS
CCS investigations span and integrate all four DOE Basic

Energy Research Office (BER) Scientific Focus Areas (SFAs) in
climate change:

1. Climate Change Forcing
2. Climate Change Modeling
3. Climate Change Response
4. Climate Change Mitigation

Each of these SFA’s is discussed in greater detail below.

Climate Change Forcing
The goals of Berkeley Lab’s terrestrial carbon research

include supporting the development, testing, and application
of Integrated Terrestrial Carbon Models (ITCMs) that will be
used to simulate carbon fluxes in North America in the near
term, and coupled with global climate models in the long term.
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This work is a multi-institution collaboration under the coord i n a-
tion of the lead lab in this SFA, Oak Ridge. Berkeley Lab is pursu-
ing five areas of re s e a rch relevant to improving carbon cycle
understanding: (1) better characterization of ecosystem CO2 f l u x-
es and resulting atmospheric concentrations; (2) spatially and
temporally resolved measurements of fossil CO2 emissions; (3)
better understanding of soil carbon cycling; (4) simulation of feed-
backs between carbon dynamics and climate change in global car-
bon-climate models; and (5) diagnosis of carbon modules in glob-
al climate models using AmeriFlux, North American Carbon
P rogram (NACP), and other carbon system observations.

CCS is also carrying out innovative observations of the
ocean carbon cycle that would contribute to removing a major
gap in coupled carbon-climate modeling. Oceans contain more
carbon than any other dynamic reservoir on earth. They pose a
great observational challenge because the pulses of biological
productivity are episodic and cover vast areas. CCS scientists
have developed the Carbon Explorer, an autonomous float that
uses satellite telemetry to report its observations from distant
oceans. Twelve of these low-cost robots have achieved the
equivalent of 8 years of continuous observations of particulate
organic carbon in remote and biologically dynamic ocean
regions, observations that would not have been possible with
conventional research ships. Seagoing work to prove and
enhance new sensors for the Carbon Explorer is ongoing.
CCS’s new sensor for particulate inorganic carbon was opera-
tionally deployed to full ocean depth during a pole-to-pole sur-
vey transects of the Atlantic Ocean in July 2003 and January
2005. The data it reported allow the first comprehensive exam-
ination of the spatial variability of particulate organic and inor-
ganic carbon. CCS’s optical carbon sedimentation recorder was
most recently deployed in Oyshio waters near Japan.

Climate Change Modeling
Simulations from global models provide critical informa-

tion required to attribute past climate change and ameliorate
future climate change. Despite the sophistication of current
coupled climate models, they will benefit from inclusion of bio-
geochemical feedbacks, improved spatial resolution, and an
understanding of abrupt climate changes. To understand the
role of these processes in regional and global climate change,
the climate community should develop Earth System Models
(ESMs) designed to simulate the coupled physical, chemical,
and biogeochemical evolution of the environment. It is increas-
ingly critical to project local extremes in precipitation and other
weather conditions forced by climate change. However, these
projections are subject to large uncertainties, driven by specific
uncertainties in model physics and restricted model resolution.
Uncertainty reduction hinges, in part, on site-to-regional-scale
process-based studies leading to new parameterizations in

ESMs, analysis of model-simulated atmospheric physics and
dynamics with observational evaluations, and high-resolution
studies of the space-time evolution of extremes and anomalous
weather and climate states. New research is needed to under-
stand whether projections of extremes can converge with better
process fidelity and higher spatial resolution.

Climate Change Response
To guide DOE energy policy decisions, we need integrated

economic analyses of climate change, based on both projections
of climate impacts and mitigation/adaptation analyses for bio-
fuel and fossil fuel emissions (for GHGs and aero s o l s ) .
Integrated models that address both the socio-economic and
environmental impacts of energy and land-use systems, at a
spatially disaggregated scale with temporal feedbacks, are
lacking in current analyses.

Toward meeting this need, the physical impacts of climate
variability and change (floods, droughts, heat waves, electrici-
ty demand) are a major modeling and analysis component at
Berkeley Lab. Work within CCS on these impacts (by Miller
and Jin) has appeared in the 2n d, 3rd, and 4t h I n t e r-
governmental Panel on Climate Change (IPCC) Assessment
Reports, as well as the U.S. Global Change Research Program
Assessments. Their re s e a rch is focused on understanding
regional impacts and reducing uncertainty across scales, and
includes important studies of climate change impacts on alpine
hydrology and snowpack. These activities, along with the DOE
Water-Energy Nexus, have helped to develop the important
physical-economic linkage for integrated assessment. Miller
and Jin have quantified the range of possible extreme heat days
and coupled energy demand, projected demand, and supply
availability. New work includes development of heat day sim-
ulations and new building codes for cooling/heating.

Climate Change Mitigation
Limitations in current soil carbon models cripple scientists’

ability to predict climate effects on CO2 fluxes or to evaluate
carbon sequestration and land management strategies. Four
major gaps in the understanding of soil carbon dynamics have
been identified (e.g., by BERAC, DOE, and USDA) that are
important for both coupled climate-carbon modeling and car-
bon management, and that can be addressed in the next 5
years. Specifically, the priority areas for soil carbon research are
(1) the effect of plant allocation and species on carbon residence
time; (2) physical protection of soil organic matter, by minerals
and aggregation; (3) temperature and moisture interactions;
and (4) testing and improvement of model performance. We
have in hand sufficient understanding and data to begin devel-
oping much improved model parameterizations for several of
these areas.
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Partnerships and Funding
Underlying all this work are CCS’s active partnerships with

universities, industry, and other research laboratories. Key
among these is our strong partnership with UC Berkeley,
which includes collaboration with faculty, sharing research
facilities, teaching, advising and mentoring UC students, and
interaction with the Berkeley Atmospheric Sciences Center,
Berkeley Water Center, and Berkeley Institute of the
Environment. We have exciting new research projects on biofu-
els starting under the aegis of the Energy Biosciences Institute.

The Climate and Carbon Science Program is funded by a
variety of federal and state agencies, and international collabo-
rations. The most important sponsor is the U.S. Department of
Energy, through the Office of Biological and Environmental
Research, Office of Basic Energy Sciences, and Office of Fossil
E n e rg y. Valuable support also comes from the National
A e ronautics and Space Administration; National Science
Foundation; National Oceanographic and A t m o s p h e r i c
Administration, as well as the California Energy Commission,
CAL-FED, and the Energy Biosciences Institute.
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Climate and Carbon Sciences Program

RESEARCH OBJECTIVES
The state-of-the-art We a t h e r

R e s e a rch and Forecasting (WRF)
model, developed by the National
Center for Atmospheric Researc h
(NCAR), is a limited-area, nonhydro-
static, terrain-following sigma-coordi-
nate model designed to simulate or
predict regional weather and climate.
The current-release version (2.2) of the
WRF model includes three land-sur-
face schemes—the simple soil thermal
d i ffusion (STD) scheme, the Noah
scheme, and the Rapid Update Cycle
(RUC) scheme. We have recently cou-
pled the sophisticated Community
Land Model version 3 (CLM3) to WRF
to better simulate and predict snow,
vegetation dynamics, and re l a t e d
processes. The objective of this study
is to quantify the role of varying levels
of complexity in land-surface process-
es in the regional climate system, by
performing a series of WRF runs with
these four land-surface-scheme
options. Among these four schemes,
the STD scheme is the simplest one (both in structure and
physics), CLM3 is the most sophisticated, and the complexity
level of RUC is comparable with that of Noah. The modeling
analysis shown in this study also gives insight into how the
land-surface-scheme complexity level affects the accuracy of
regional climate simulations. 

APPROACH
Four WRF simulations, one for each land-surface scheme,

w e re generated with a 30 km resolution domain that focuses on
the western United States. Each simulation period was for 1
October 1, 1995, through September 30, 1996. The National Centers
for Environmental Prediction–Department of Energy (DOE)
Reanalysis (NCEP-2) data were used for the WRF initial and later-
al boundary conditions, with the boundary forcing, including sea
surface temperature (SST), updated every six hours. 

ACCOMPLISHMENTS
The WRF simulations indicate that the most sophisticated

land-surface model, CLM3, generated the best temperature sim-
ulations when compared to the results from the other three land
surface models. The simplest model (STD), without a snow and

vegetation component, produces the worst

results. Figure 1 shows the winter daily
maximum temperature observations
and simulations. The domain-wide
averaged value for the observation is
5.5ºC, and for WRF-CLM3 is 5.0ºC. The
daily maximum temperatures for RUC,
NOAH, and STD with WRF are 4.9ºC,
6.2ºC, and 10.4ºC, re s p e c t i v e l y. The
simulated geographic distributions of
t e m p e r a t u re for all these models are
quite similar, implying that the temper-
a t u re distribution is more closely re l a t-
ed to the atmospheric forcings than to
the land-surface processes, whereas the
t e m p e r a t u re magnitude is dominated
by land-surface characterizations. In
addition, WRF dramatically overe s t i-
mates precipitation, especially over
complex topography in the western
U.S. no matter which land-surface
model is chosen, indicating that pre c i p-
itation simulations are strongly con-
nected with atmospheric pro c e s s e s
over this region. 

SIGNIFICANCE OF FINDINGS
The results from WRF with these land-surface schemes

show that land-surface processes strongly affect temperature
simulations; the WRF-CLM3 with the highest complexity level
produces the best results. Precipitation is dramatically overes-
timated by WRF for all of the land-surface schemes over the
western U.S. analyzed here, and does not show a close relation-
ship to land-surface processes. 

RELATED PUBLICATION
Jin, J., N. L. Miller, and N. Schegel, Understanding the role of

land-surface processes in the Regional Climate System: A
WRF modeling study. Proceedings of the Annual WRF
Workshop, Boulder, Colorado, 2007.
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RESEARCH OBJECTIVES
Over the last century, more than half of

the California Central Valley area has been
converted to agricultural area since the
p resettlement period. Understanding how
and to what extent such land-use change
a ffects local climate and ecosystems is crit-
ical to the economy of California, because
the Central Valley produces one-quarter of
the agricultural products in the United
States, with an annual income exceeding
$26 billion and an export revenue exceed-
ing $6.7 billion. In this study, we use an
advanced regional climate model to quan-
tify the range of land-use change its
impact on the local climate. 

APPROACH
The regional climate model used here

is the nonhydrostatic version of the fifth-
generation mesoscale model (MM5), ver-
sion 3.7, developed by the Pennsylvania
State University/National Center for
Atmospheric Research (NCAR). We have
coupled MM5 with the advanced NCAR
Community Land Model version 3 (CLM3) (Jin and Miller
2007) to improve land-surface process simulations and fore-
casts. Two runs were performed with MM5-CLM3. The first
run was forced with the modern-time land-use types that are
the 24 U. S. Geological Survey (USGS) land-use types. The sec-
ond run was forced with the presettlement-time land types that
were created from the Olson Global Ecosystems data.  

ACCOMPLISHMENTS
The observed temperature trends for the Central Valley

indicate that daily maximum temperature (Tmax) has a nega-
tive (cooling) trend in all seasons (blue bars in Figure 1a) over
the last century, with the strongest negative trend in the sum-
mer (0.30ºC/decade), and the weakest trend in the winter 
(-0.01ºC/decade). The daily minimum temperature (Tmin) has
a significant positive trend for all seasons (red bars in Figure
1a). The simulated temperature changes (Figure 1b) agree well
with the observations. Tmax decreases in the Central Valley

over all four seasons in the modern time
run, with the strongest decrease (-0.55°C)
occurring in winter, as compared with
that in the presettlement run. In the mean
time, the modern time Tmin increases by
more than 0.40ºC in the fall, and by
a p p roximately 1ºC in the winter and
spring; whereas in the summer, Tmin
shows little change (~0.08°C). Detailed
analysis shows that the temperature
changes are caused by the sensible heat
flux variations, in turn caused by the
lower roughness length in the modern
time than in the presettlement time over
the Central Valley, where the grassland
and trees have been converted to crop-
land and bare soil over the last hundred
or so years.

SIGNIFICANCE OF FINDINGS
Our modeling results are consistent

with the observations. Temperature vari-
ations are found to be related to the sen-
sible heat flux changes caused by the

lower surface-roughness length in the modern time than in the
presettlement time. This study indicates that during the day,
land-use change in the Central Valley overcomes the global
warming signal and dominates the temperature change,
whereas at night, land-use change strengthens such green-
house-gas related warming.

RELATED PUBLICATION
Jin, J., and N. L. Miller, Regional climate simulations to quanti-

fy the range of land-use change and irrigation impacts on
hydroclimate in the California Central Valley. Journal of
Geophysical Research (in review), 2007.
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F i g u re 1. (a) Observed seasonal Tmax (blue
bars) and Tmin (red bars) trends over the
California Central Valley for the period of 1910-
2003; (b) The daily Tmax (blue) and Tmin (re d )
d i ff e rences between the modern time and pre-
settlement time runs (Modern–Pre s e t t l e m e n t )
for the period of 1995 and 1996.
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RESEARCH OBJECTIVES
California coastal-region, wildfire-weather conditions typi-

cally occur during the fall prior to winter rains, when an inland
high pressure and an offshore low pressure set up a strong
pressure gradient, resulting in high offshore winds, heated air
mass, and low humidity. These conditions are known locally as
Santa Ana winds in southern California and Diablo winds in
northern California, but are more generally defined as foehns.
Such weather conditions have a long history of being associat-
ed with high winds that spread fires. The objectives of this
study are to determine climate-change-related shifts in the
occurrence of Santa Ana wind conditions.

APPROACH
A new method based on atmosphere-ocean general circula-

tion model (AOGCM) surface pressure gradients was devel-
oped for identifying coastal high-wind fire-weather conditions,
such as the Santa Ana Occurrence (SAO). We use the low- and
mid-range temperature-sensitivity National Center for
Atmospheric Research (NCAR) Parallel Climate Model (PCM)
and the National Oceanic & Atmospheric A d m i n i s t r a t i o n
(NOAA) Geophysical Fluid Dynamics Laboratory version 2.1
(GFDL) climate models, forced by the Intergovernmental Panel
on Climate Change (IPCC) Special Report on Emission
Scenarios (SRES) high (A2) and low (B1) emissions for three 30-
year mean-monthly climatologies—2005–2034, 2035–2064, and
2070–2099. These scenarios represent the range of IPCC nonin-
tervention emissions futures, with atmospheric CO2 approach-
ing 550 ppm (B1) to 830 ppm (A2) by 2100. The surface-pres-
sure difference criterion was applied to AOGCM historical and
projected output to determine the percent change in occurrence

of simulated SAOs. AGCM-simulated 30-year
mean-monthly climatologies for 1965–1994

were compared to SAO climatologies based on the observed
wind direction and humidity, and showed good correlation. 

ACCOMPLISHMENTS
The sensitivity of climate-change-projected SAOs was ana-

lyzed using AOGCM output from the low-temperature sensi-
tivity PCM and middle-temperature sensitivity GFDL, with
low-to-high emission scenarios. The trends match well, with
September having the lowest number of SAO days, an increas-
ing trend toward the maximum in December, and a decreasing
trend for the period during January and February.

This climate change analysis shows consistent shifts in the
maximum number of SAO events from September-October to
N o v e m b e r- D e c e m b e r, suggesting SAOs may significantly
increase the extent of California coastal areas burned by wild-
fires, loss of life, and property.

More research is required to fully establish the sensitivity of
this mechanism under greenhouse gas forcing. Pressure and
sea surface temperature (SST) variability are teleconnected to
SAOs, and this remains poorly understood. The role of natural
variability and climate change in ocean temperatures plays a
significant role in the strength and increase or decrease of the
number of SAOs. Further analyses of natural climate modes
and variability will need to be carried out to fully understand
this sensitivity.

SIGNIFICANCE OF FINDINGS
This study suggests there may be SAO increases during

critical dry periods, especially late in the season, leading to
more extensive wildfires. These initial findings indicate strik-
ing differences between early century and late century, and
high-emission and lower-emission SAO sensitivities, with
shifts in SAOs from earlier to later in the year that are greater
under A2 relative to B1 and GFDL relative to PCM, and with no
clear changes in the January to February SAOs. 

RELATED PUBLICATION
Miller, N.L. and N.J. Schlegel, Climate change projected fire

weather sensitivity: California Santa Ana wind occurrence.
LBNL-61004. Geophysical Research Letters, 33, L15711 ,
doi:101029/2006GL25808, 2006.
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Figure 1. AOGCM pressure-only derived SAO sensitivity for 2005-
2034, 2035-2064, and 2070-2099 based (A) GFDL A2, (B) GFDL B1,
(C) PCM A2, and (D) PCM B1. 
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RESEARCH OBJECTIVES

As the southwestern U.S. becomes more populated, and
e x t reme heat days more frequent, electricity demand for cooling
will continue to rise. Electricity supply failures have occurre d
during recent extreme summer heat events. In 2006, Sacramento
exceeded 110°F for 10 days. The objectives of this study are to
quantify the projected increases in the fre q u e n c y, intensity, and
duration of extreme heat days and evaluate the impact on the
e n e rgy sector from increased demand for cooling.

APPROACH
Extreme heat days are defined here as the warmest June to

September (JJAS) days for 1961–1990 exceeding 90 percent
(T90) of the summertime daily maximum temperatures at a
given location. A heat wave is defined as 5 consecutive T90
days. We calculate the number of projected JJAS days at or
above the historical T90s, an important metric
used in California energy capacity analysis also
referred to as the 1-in-10 high-temperature days.
We also calculate standardized JJAS cooling
degree-days as defined by the National Climatic
Data Center; CDD = (Ta-Tac) days, where Ta is
the daily mean near-surface air temperature, Tac
is an average daily-mean temperature threshold
for human thermal comfort, and days is the num-
ber of days with temperatures exceeding Tac. 

ACCOMPLISHMENTS
We evaluated the number of maximum temper-

a t u res days projected to exceed the 1960–1990 T90
t h reshold, at the California state level and for the
five urban centers within California. California’s
historical T90 (35ºC), is projected to double from 12
days to about 24 days by 2005–2034, re g a rdless of
the emissions scenario. By 2035–2064, this incre a s e s
to 27–39 days (B1), 29–47 days (A2), and 32–66 days
(A1fi). By 2070–2099, the statewide T90 days are projected to
i n c rease an average of 4 times (B1), 5.5 times (A2), and 6.5 times
(A1fi) relative to 1960–1990 (Figure 1). City-specific T90 values are
for San Francisco, Los Angeles, Sacramento, Fresno, and San
Bernadino. The period 2070–2099 is projected to increase by 3.5 to
4 times under B1, 5.5 to 6 times higher under A2, and 6 to 7 times
under the higher A1fi scenario, depending on the city. Historical
California CDD values average 400–500°C-days/year, are pro j e c t-
ed to increase to 600–1000°C-days by 2035–2064, and by
2070–2099 increase to 650–1000°C-days under the B1 scenario; and
up to 800-1250°C-days and 1000-1500°C-days under the higher A 2
and A1fi scenarios, respectively (Table). 

Together, the impact of projected increases in T90 frequen-
cies and duration will significantly increase peak electricity
demand. Peak electricity demand increases under all climate
change scenarios, with residential peak electricity demand at
mid-century increasing by 3.4–10.0 percent under the A1fi and
A2 scenarios and by 2.8–7.7 percent under the B1 scenario. 

SIGNIFICANCE OF FINDINGS
Projected increases in extreme temperatures and direct esti-

mates of electricity demand suggest that electricity demand in
California is likely to continue to rise over this century, even
without considering likely population growth. A l t h o u g h
California’s installed electricity capacity will also continue to
grow over time, its current rates of growth suggest summer
electricity shortages may occur.

RELATED PUBLICATION
Miller, N.L., K. Hayhoe, J. Jin, and M. Auffhammer, Climate,

extreme heat, and electricity demand in California. Journal
of Applied Meteorology and Climatology, 47(6), 1834-1844),
2007.
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Figure 1. State-wide average number of JJAS
T90 days/year from 1975 to 2100 for the
HadCM3, GFDL and PCM models. Shaded
arrows indicate the end-of-century range for
simulations corresponding to the IPCC SRES
A1fi (higher, red/orange), A2 (mid-high, blue)
and B1 (lower, green) emission scenarios.
Table 1. CDD relative to the historical average for
five California cities, A1fi (higher), A2 (mid-
high) and B1 (lower) using the HadCM3,
GFDL2.1 and PCM downscaled output.
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RESEARCH OBJECTIVES
The California Energy Commission

(CEC) Public Interest Energy Research
(PIER) Program is supporting re s e a rch to
develop probabilistic climate change sce-
narios for California. The objectives of this
study are to develop climate scenarios with
reduced uncertainties for applications by
State planning agencies and impacts
re s e a rch. This project has two phases: (1) an
enhancement and intercomparison of
regional climate models (RCMs), and (2) a
climate change sensitivity analysis for
impact studies as part of the California
Governors response to A B 3 2 .

APPROACH
Three RCMs—LBNL’s version of the

National Center for A t m o s p h e r i c
Research (NCAR) Weather Forecast and
Prediction model version 2 coupled to the
Community Land Model version 3 (LBNL/WRF-CLM3);
UCSC’s version of the Regional Climate Model version 3
(UCSC/RegCM3); and UCSD’s version of the NOAA Regional
Spectral Model (UCSD/RSM)—have been selected for model
enhancements and intercomparison. The goal of the model
enhancement is to implement key improvements prior to the
January 2007 start of the model intercomparison aspect of this
project. While the RCM codes were frozen for the comparison
runs, each group continued to improve their model. 

Each modeling group set up two nested domains, a western
U.S. 30 km resolution domain, and a California 10 km resolu-
tion domain (Figure 1). The NCAR/NCEP Reanalysis II is the
common input data for RCM initial and lateral boundary con-
ditions, and model output variables and fluxes were mapped
onto a common grid for intercomparison analysis. 

ACCOMPLISHMENTS
During the enhancement period, we completed the WRF and

CLM3 coupling and evaluation, as well as a series of one-year
simulations of WRF using three land-surface schemes, for pre s e n-
tation at the WRF User’s Workshop in May 2007 (Jin et al., 2007).

We have also completed two 10-year sim-
ulations, one with the newly coupled
WRF-CLM3 and one with the off the shelf
WRF-RUC (Rapid Update Cycle) land-
surface scheme. 

SIGNIFICANCE OF FINDINGS
This RCM enhancement and inter-

comparison study is preparing the model-
ing groups for a comprehensive climate
model bias and sensitivity analysis of pro-
jected climate change in California at fine
scale. Understanding the details of model
e r rors and how each model has pro p a g a t-
ed such errors further advances our pro b-
abilistic understanding of the potential
consequences of climate change in
C a l i f o r n i a .

RELATED PUBLICATIONS
Kueppers, L.M, M.A. Snyder, L.C. Sloan, D Cayan, J. Jin, H.

Kanamaru, M. Kanamitsu, N.L. Miller, Mary Tyree, H. Du,
and B. Weare, Regional climate effects of irrigation and
urbanization in the Western United States: A model inter-
comparison. CEC-500-2006-031, Global and Planetary
Change (in press), 2006.

Jin, J., N.L. Miller, and N.J. Schlegel, Understanding the role of
land surface processes in the Regional Climate System: A
WRF modeling experiment. The 2007 WRF Wo r k s h o p
Proceedings, 2007.

Miller, N., et al., An analysis of simulated California climate
using multiple dynamical and statistical techniques. CEC
REBI Report, 49pp. The 2008 California A s s e s s m e n t
Scenarios Project, Governor’s California Assessment.
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Figure 1. REBI domains and resolutions are (A)
western U.S. and eastern Pacific Ocean, 30 km
resolution, with coordinates of approximately
[ 1 3 9 W 2 1 N × 104W51N] and (B) California,
Nevada, and eastern Pacific Ocean, 10 km res-
olution, with coordinates of appro x i m a t e l y
[128W31N×113W44N].
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RESEARCH OBJECTIVES
An understanding of the hydrologic interactions among

a t m o s p h e re, land surface, and subsurface is one of the keys to
understanding the water cycling system that supports our life
system on Earth. Properly modeling such interactions is a diff i-
cult task because of the inherent coupled processes and complex
feedback stru c t u res among subsystems. The objectives of this
study are (1) to develop a new model of atmosphere - l a n d - s u b-
surface hydraulic interactions at watershed or regional scales by
combining the best aspects of both CLM3 and TOUGH2; and (2)
to show the importance of realistically modeling both surface and
subsurface processes, as well as their interactions, in pre d i c t i n g
the hydrologic responses to meteorological forces, by applying
the new model to a watershed in Russia over an 18-year period. 

APPROACH
The new model was developed by combining a state-of-the-

art land-surface model, the NCAR Community Land Model ver-
sion 3 (CLM3), with a variably saturated groundwater model,
the TOUGH2, through an internal interface that includes flux
and state variables shared by the two submodels. Specifically,
TOUGH2, in its simulation, uses infiltration, evaporation, and
root-uptake rates, calculated by CLM3, as source/sink terms;
CLM3, in its simulation, uses saturation and capillary pre s s u re
p rofiles, calculated by TOUGH2, as state variables.

F rom the perspective of CLM3, the new model no longer sim-
ulates the subsurface moisture movement as a one-dimensional
p rocess by explicit scheme. Instead, the 3-D Richards equation is
solved implicitly by TOUGH2. In particular, the assumption that
the permeability decreases exponentially from top to bottom of
the soil is no longer used, and the groundwater depth is no
longer a parameter calculated as saturation-weighted depth.
F rom the perspective of TOUGH2, the new model no longer
takes the net infiltration or root uptake as a prescribed boundary
condition or source/sink term. Instead, the net infiltration and
root uptake result from simulations of coupled energ y, wind,
vegetation, and hydraulic processes by CLM3. As a re s u l t ,
CLMT2 expands the scope of TOUGH2 such that more re a l i s t i c
modeling of land-surface conditions is possible.

The 18 years of observation data from Usadievsky Wa t e r s h e d ,
Valdai, Russia, were used to evaluate the performance of this new
model, as compared to the CLM3 model.

ACCOMPLISHMENTS
A model that combines the ability to simulate the land-sur-

face and subsurface hydrologic responses with meteorological

forcing, CLMT2, has been developed, by combining a state-of-
the-art land-surface model, the NCAR Community Land
Model version 3 (CLM3), and a variably saturated groundwa-
ter model, TOUGH2, through an internal interface that
includes flux and state variables shared by the two submodels.
The preliminary simulation results show that the coupled
model greatly improves the predictions of the water table,
evapotranspiration, surface temperature, and moisture in the
top 20 cm of soil at a real watershed, as evaluated from 18 years
of observed data. 

SIGNIFICANCE OF FINDINGS
The results indicate that correct simulation of subsurface

flow (including the water table) is very important, not only in
assessing subsurface water resource itself, but also in simulat-
ing surface processes such as evapotranspiration or land-sur-
face temperature, the two most important feedback factors for
regional climate. The new model is a useful tool for simulating
hydrologic systems at watershed or regional scale, especially
the surface and subsurface responses to the climate changes. 

RELATED PUBLICATION
Pan, Lehua, Jiming Jin, Norman Miller, Yu-Shu Wu, and

Gudmundur Bodvarsson, 2006. Modeling hydraulic re-
sponses to meteorological force: From canopy to aquifer.
LBNL-61018. Vadose Zone Journal (in press), 2007. 
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Figure 1. The observed (the dots) and simulated using CLMT2 (the
red line) or CLM3 (the blue line) monthly ET.



RESEARCH OBJECTIVES
It is widely recognized that climate is

being impacted by anthropogenic fossil
fuel CO2 emissions (IPCC, 2001).
Accurate quantification of fossil fuel CO2
emissions is needed to properly account
for climate change impacts, aid in policy
development, improve climate prediction
and climate change attribution, and aid in
atmospheric inversion approaches to
quantifying ecosystem C fluxes. Further,
other primary atmospheric pollutants of
interest (e.g., CO) are produced concur-
rently with CO2, and emission estimates
for these gases can be improved using
accurate fossil fuel CO2 emission and con-
centration (Cf) estimates. 

APPROACH 
We applied radiocarbon (1 4C) measurements in annual C3

grasses across California to test a regional model (Riley et al.,
2003; Riley et al., 2005) that simulates surface anthropogenic and
ecosystem CO2 fluxes, transport in the atmosphere, and the
resulting Δ1 4C value of annual grasses (Δg). The model was used
to predict CO2 transport patterns within and outside of
California, (Riley et al., 2008).

ACCOMPLISHMENTS 
The model accurately predicted statewide patterns of Δg.

Predicted annual-averaged Cf were 14.0 ppm, 6.1 ppm, 4.8
ppm, and 0.3 ppm in Los Angeles, San Francisco, the Central
Valley, and the North Coast, respectively. CO2 emitted in Los
Angeles and San Francisco was predicted to move into the
Central Valley, raising Cf above that expected from local emis-
sions alone. Annually, about 21%, 39%, 35%, and 5% of Cf
leaves the California airspace to the north, east, south, and
west, respectively (Figure 1), with large seasonal variations in
the proportions. Correlations between Santa Ana wind condi-
tions and both eastward and westward fluxes were observed. 

SIGNIFICANCE OF FINDINGS 
Our results indicate that state and continental scale atmospher-

ic inversions need to consider fluxes in areas where measure m e n t s
a re sparse (e.g., over the ocean), transport within and across the
marine boundary layer, and terrestrial boundary layer dynamics.
P roposals have been made to use CO2 m e a s u rements on the U.S.
coastal boundaries to infer continental CO2 emissions and

exchanges. Our estimate—that a substantial
portion of California’s fossil fuel CO2 e m i s-
sions exits California in a relatively low ele-
vation southward plume—implies that
inversions need to accurately characterize
these flows. Further, sampling pro t o c o l s
need to be designed to constrain estimates of
these southward fluxes. 

Other pollutants generated concur-
rently with CO2 or from atmospheric pho-
tochemical reactions will also be impacted
by the transport patterns described here.
Model predictions indicated that portions
of the Central Valley and northern Mexico
had higher near-surface Cf than would be
expected from local emissions alone. The
additional loading resulted from trans-
port from the San Francisco Bay,

Sacramento, and Los Angeles air basins. Further research is
required to characterize the impact of these transport patterns
on ozone, NOx, particulate matter, and N acid levels, and sub-
sequent impact on local ecosystems, visibility, and human
health. 

RELATED PUBLICATIONS
Riley, W.J., C.J. Still, B.R. Helliker, M. Ribas-Carbo, and J.A.

Berry, 18O composition of CO2 and H2O ecosystem pools
and fluxes in a tallgrass prairie: Simulations and compar-
isons to measurements. Global Change Biology, 9,
1567–1581, 2003.

Riley, W.J., J.T. Randerson, P.N. Foster, and T.J. Lueker, The
influence of terrestrial ecosystems and topography on
coastal CO2 measurements: A case study at Trinidad Head,
California. JGR-Biogeosciences, 110, 2005.

Riley, W.J., D.Y. Hsueh, J.T. Randerson, M.L. Fischer, J.G. Hatch,
D.E. Pataki, W.W. Wang, and M.L. Goulden, Where do fos-
sil fuel carbon dioxide emissions from California go? An
analysis based on radiocarbon observations and an atmos-
pheric transport model. JGR-Biogeosciences (in pre s s ) ,
2008.

ACKNOWLEDGMENTS
We gratefully acknowledge support from NASA

(NNG05GD126), the Office of Science, U.S. Department of
E n e rgy (DE-AC02-05CH11231), and the National Science
Foundation (0620176).

Climate and Carbon Sciences Program

WHERE DO FOSSIL FUEL CARBON DIOXIDE EMISSIONS FROM CALIFORNIA GO?
W.J. Riley, D.Y. Hsueh, M.L. Fischer, J.G. Hatch, D.E. Pataki, S. Cheong, M.L. Goulden, and J.T. Randerson

Contact: W.J. Riley, 510/486-5036, wjriley@lbl.gov

Earth Sciences Division
Berkeley Lab

Research Summaries
2006-2007

F i g u re 1. Cumulative annual fossil-fuel
derived CO2 transport out of California. The
figures show contour plots on each vertical
face of the cube surrounding California.
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RESEARCH OBJECTIVES
Characterizing net ecosystem exchanges of CO2 (NEE) and

e n e rgy exchanges in heterogeneous landscapes is notoriously
d i fficult, yet critical given expected climate change and rapid
development. We report here a three-year measurement and
modeling study, conducted as part of the DOE A t m o s p h e r i c
Radiation Measurement Program and Berkeley Lab Carbon
p roject, to improve our understanding of surface-to-atmosphere
gas exchanges under highly heterogeneous land cover in the
mostly agricultural U.S. Southern Great Plains A t m o s p h e r i c
Radiation Measurement Climate Research Facility (ACRF). 

APPROACH
We combined multiyear site-level eddy covariance measure-

ments in several of the dominant land-cover types with re g i o n-
al-scale climate data from the distributed Mesonet sampling sta-
tions and NEXRAD precipitation measurements, to calibrate a
land-surface model of trace-gas and energy exchanges (ISOLSM;
Cooley et al., [2005]; Riley et al., [2003]). Yearly variations in dis-
tributed vegetation cover type were estimated from arc h e t y p a l
phenology profiles and 250 m MODIS NDVI measurements. Soil
hydraulic characteristics were determined from the USGS
S TATSGO 1 km resolution soil map. We first applied the model
at a 250 m spatial scale to account for vegetation cover type and
leaf area variations that occur on hundred-meter scales. Because
of computational constraints, we developed a subsampling
scheme within 10 km “macrocells” to perform these high-re s o l u-
tion simulations. The impact of spatial scale on predictions was
determined using both a “dominant” vegetation cover appro a c h
and an approach that used the mean leaf area index (LAI) and
fractional cover of each cover type. 

ACCOMPLISHMENTS 
Regional and subregional vegetation cover type estimates

matched USDA census data well. Our results suggest that the
ACRF region can be a net CO2 source or sink to the atmos-
phere, depending on variations in climate and agricultural
practices; large seasonal variations in CO2 exchanges were also
predicted (Figure 1). Predicted regional latent heat fluxes were
largely independent of spatial scale of the model. However,
both scaling approaches led to poor regional NEE estimates at
all larger scales, and there was no quantifiable pattern in
regional NEE between scales. 

SIGNIFICANCE OF FINDINGS 
Typical midday NEE variations across the A R M - S G P

domain can be large (up to 25 µmol m-2 s-1). Our results show
that large errors in predicted NEE result when cover type and
status variations are not explicitly accounted for at the scale of

spatial variation. Further, the current approach of assuming a
uniform crop cover and properties across the region leads to
large errors in predicted regional NEE. Our approach allows us
to quantify uncertainty in regional flux estimates associated
with uncertainties in vegetation type, soil types, and spatial
and temporal scaling of surface characterization and meteoro-
logical forcing. This work will benefit both “bottom-up” and
“top-down” approaches to quantifying regional-scale surface
CO2 exchanges, as well as improving latent and sensible heat
exchange estimates critical for boundary layer and cloud mod-
eling.

RELATED PUBLICATIONS
Cooley, H.S., W.J. Riley, M.S. Torn, and Y. He, Impact of agricul-

tural practice on regional climate in a coupled land surface
mesoscale model. Journal of Geophysical Researc h -
Atmospheres, 110, 2005.

Riley, W. J., C. J. Still, B. R. Helliker, M. Ribas-Carbo, and J. A.
Berry, 18O composition of CO2 and H2O ecosystem pools
and fluxes in a tallgrass prairie: Simulations and compar-
isons to measurements. Global Change Biology, 9,
1567–1581, 2003.
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Figure 1. Predicted weekly NEE for the ACRF region. The region
was predicted to be a net CO2 sink in 2003 and 2004 and a net
source in 2005.
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RESEARCH OBJECTIVES
The biogeochemical nitrogen cycle and NO, N2O, and CO2

gas production in natural and agricultural ecosystems are
impacted by several soil microbial populations, the hydrologi-
cal cycle, plant dynamics, and climate. Understanding the
release of NO, N2O, and CO2 from the soil surface to the
atmosphere is a key factor in controlling greenhouse gas emis-
sions, and assumes ever-greater importance in view of the fore-
seen increase in biofuel, food, and fiber production. The objec-
tive of this research is to develop a mechanistic analysis tool to
investigate the effects of climate, irrigation, fertilizer applica-
tion, and plant dynamics on N cycling and losses at site, water-
shed, and regional scales.

APPROACH
We have developed a coupled mechanistic modeling frame-

work based on TOUGH2, TOUGHREACT, the CERES crop
model, and the land-surface model CLM (the land-surface
model used in the latest generation of the NCAR GCM). The
framework includes various nitrification and denitrification
pathways, multiple microbial biomass dynamics, hydrological
dynamics, equilibrium and kinetic chemical reactions, land-
scape-scale hydrology, crop-specific plant growth and nutrient
requirements, and natural ecosystem plant dynamics. Biotic
and abiotic reactions are assumed to follow Michaelis-Menten
kinetics, while biomass is assumed to follow multiple Monod
growth kinetics accounting for electron donor, electron accep-
tor, and inhibitor concentrations. Water flow is modeled with
the Darcy-Richards equation and advective, and diffusive trac-
er transport is modeled in both gaseous and liquid phases. The
CERES crop model simulates plant biomass, N and water
demand, and seed production (among others) across a range of
crop phenotypes. Finally, CLM simulates the surface energy
and radiation balance, natural ecosystem CO2 exchanges, and
distributed surface hydrology.

ACCOMPLISHMENTS
We have applied the model in two different agricultural

systems and tested its performance against measurements of
soil moisture, pH, NH4+, NO2-, and NO3- ion concentrations,
and NO, N2O, and CO2 gas emissions (Gu et al., 2008; Maggi,
et al., 2008). Good agreement between field observations and
model predictions was found for all these quantities, as were
variations associated with fertilizer type. We used the model to
characterize gas emissions, solute leaching of several nitrogen
species, and the vertical distribution of nitrifier and denitrifier
populations associated with variations in fertilizer type and
amount and irrigation practices. Preliminary analyses using

the coupled model to analyze watershed scale
behavior have been encouraging.

SIGNIFICANCE OF FINDINGS
In contrast to the predictions of most current coarse-scale

models, all N losses increased nonlinearly with fertilizer and
water application amount, and with fertilizer application
depth (Figure 1). Further, different fertilizer types resulted in
substantially different N-loss patterns over time, and these pat-
terns depend strongly on soil properties. Our results imply that
typical field, watershed, and regional-scale assessment
approaches for ecosystem N balance and losses need to be
revised.

RELATED PUBLICATIONS
Gu, C., et al., Aqeuous and gaseous nitrogen losses induced by

fertilizer application. JGR-Biogeosciences (submitted),
2008.

Maggi, F., et al., A mechanistic treatment of the dominant soil
nitrogen cycling processes: Model development, testing,
and application. Journal of Geophysical Researc h -
Biogeosciences, 113, 2008.
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Figure 1. (a) Cumulative normalized gas fluxes and (b) leachate
fluxes measured at 15 cm depth as functions of fertilizer amount.
Fluxes are normalized to those corresponding to a fertilizer appli-
cation of 120 kg N ha-1.



RESEARCH OBJECTIVES
The DOE Atmospheric and Radiation Measure m e n t

(ARM)/Berkeley Lab Carbon Project is making a coord i n a t e d
suite of carbon concentration, isotope, and flux measurements to
support climate modeling studies and the North A m e r i c a n
Carbon Program, including quantifying regional atmospheric
C O2 s o u rces and sinks, and implementing land-surface models
for estimating regional carbon, water, and energy fluxes. During
the ARM Cumulus-Land Surface Interaction Campaign (CLA-
SIC), we collected airborne measurements for CO2 s o u rce attribu-
tion, which included (for example) characterizing the chemical
fingerprint of anthropogenic greenhouse gas emissions. 

APPROACH 
CLASIC brought together eight aircraft, one helicopter, and

over thirty scientists in June 2007, to study the influence of the
land surface on cloud development and atmospheric dynam-
ics, including greenhouse gas fluxes and concentrations. We
planned carbon-centered flight paths, integrated instrumenta-
tion on a Cessna 206 and the CIRPAS Twin Otter, and helped
coordinate deployment of 10 eddy flux towers by DOE, USDA,
and NASA for land-surface studies. 

ACCOMPLISHMENTS 
We flew 22 flights with continuous CO2, NOAA flasks and

14CO2 flasks, nine of which also had continuous CO and CH4
concentration measurements. All of these data sets have been
processed and submitted to the CLASIC data archives. Results
from the campaign have been presented at the CLASIC work-
shop and other scientific meetings, and are being integrated
into the NACP Mid-Continent Intensive that took place in
summer 2007, and other NACP synthesis activities. Here, we
give results for anthropogenic source characterization.

On June 22, 2007, the CIRPAS Twin Otter flew an anthro-
pogenic source characterization mission around Oklahoma
City, Oklahoma (OKC), flying most of the time at 4,000 ft above
ground level (Figure 1a). Figure 1b shows continuous CO2
(black dots), and flask CO (red dots) concentrations during the
flight. The blue line shows background CO2 concentrations
measured continuously at the CF 60 m tower (green square
shown on Figure 1a). Note that these background CO2 concen-
trations decrease during the day as a result of plant uptake,
while fossil sources in OKC elevate CO2 and CO concentra-
tions. The NOAA flasks will provide concentrations of multiple
hydrocarbon species to relate to the CO2 signal. 

SIGNIFICANCE OF FINDINGS 
The results demonstrate that we can use simultaneous

analysis of multiple species to differentiate anthropogenic ver-
sus natural influences on atmospheric CO2 (and other species),

upwind and downwind of OKC. Further analysis of CO, CH4,
1 3C O2, and 1 4C O2 will allow quantitative partitioning of
anthropogenic emissions and biosphere fluxes. Developing a
quantitative fingerprint for anthropogenic emissions is impor-
tant for verifying fossil fuel emissions inventories, estimating
biosphere CO2 fluxes, and closing the North American carbon
budget.

RELATED PUBLICATIONS AND RESOURCES
CLASIC Science Plan, 2007. http://www.arm.gov/publica-

tions/programdocs/doe-sc-arm-0703.pdf 
ARM Carbon Web Site: http://esd.lbl.gov/ARMCarbon/
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Figure 1. (a) Map showing the flight pattern flown by the CIRPAS
Twin Otter on June 22, 2007; (b) Time series of continuous CO2 and
flask CO concentrations measured during the mission. The pre-
vailing wind was from the south.
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RESEARCH OBJECTIVES
Historical evidence shows that atmospheric greenhouse gas

(GhG) concentrations increase during periods of warming,
implying a positive feedback to climate change. However, cur-
rent general circulation models (GCMs) include only a subset
of the possible GhG feedback processes—for example, methane
processes are not included at all. We quantified the potential
CO2 and CH4 feedback and explored the implications of posi-
tive feedback for climate risk. 

APPROACH 
To achieve a comprehensive accounting, we used a simple

model combined with ice core data, which integrate over all active
p rocesses, rather than a detailed simulation model that could only
c a p t u re a few processes. Specifically, we quantified climate-GhG
feedbacks by combining the mathematics of feedback from engi-
neering literature with (1) empirical ice-core data from the past
320,000 years and (2) general circulation model climate sensitivity
f rom nine GCMs (1.2ºC/275 ppm CO2 equivalent, in the absence
of other feedbacks). 

The strength of GhG feedbacks was estimated by the overall
gain in the system—how much the final temperature change, ΔTF
was amplified or dampened from an initial perturbation, ΔT0 . T h e
feedbacks currently in GCMs—mainly water vapor, cloud, and
ice-albedo processes—amplify the direct effect of doubled-CO2
(1.2ºC) to a total warming of 1.5–4.5ºC, meaning they have a gain
of 0.20–0.73 without GhG feedbacks (see equation in Figure 1).
When we add the GhG gain to the existing climate model gain, the
total gain is 0.27–0.8. 

ACCOMPLISHMENTS/FINDINGS
The feedback gain from greenhouse gases alone is fairly

small. Each new increment of feedback, however, has an
increasingly larger effect on the final temperature (see Figure
1). As a result, adding the GhG to the existing feedbacks great-
ly amplifies any climate perturbation. In fact, an emissions sce-
nario that would currently be predicted to result in 1.5–4.5 ºC
warming would actually result in 1.6–6.0ºC warming at equi-
librium. In other words, adding the small GhG gain results in
up to 1.5ºC warmer temperatures than currently predicted for
emissions that would double atmospheric CO2 concentrations.
That is because instead of merely doubling concentrations,
those anthropogenic emissions would be matched by a kind of
natural “matching fund.” This additional feedback thus takes
place because anthropogenic GhG emissions cause warming,
which alters earth system processes, resulting in additional
atmospheric greenhouse gas loading and additional warming.

SIGNIFICANCE OF FINDINGS 
The GhG feedbacks greatly increase the

warming commitment engendered for any

given anthropogenic emissions scenario. Moreover, systems
with positive feedbacks have a higher probability of experienc-
ing the upper range of predicted change rather than the lower
end. In other words, the presence of positive feedbacks means
that there is a higher risk that we will experience more severe,
not less severe, climate change than is currently forecast. 

RELATED PUBLICATIONS
Torn, M.S. and J. Harte, Missing feedbacks, asymmetric uncer-

tainties, and the underestimation of future warming.
Geophys. Res. Lett., 33, L10703, doi:10.1029/2005GL025540,
2006.

Intergovernmental Panel on Climate Change, Climate Change
2007—The physical science basis. Contribution of Working
G roup I to the Fourth Assessment Report of the
I n t e rgovernmental Panel on Climate Change, 996 pp.,
Cambridge University Press, Cambridge, UK, 2007.
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Figure 1. This graph of the feedback equation (inset in Figure)
illustrates that a change or uncertainty in the feedback has an
asymmetric effect, meaning that a +0.1 increase in feedback gain,
g, has much bigger effect on temperature than does a -0.1 decrease.
In the example shown here, the direct warming (ΔT0) is 1ºC, nom-
inal g = 0.7 and nominal final warming (ΔTF) = 3.3 ºC. An addi-
tional 0.1 negative feedback (g = 0.7 - 0.1 = 0.6) results in a warm-
ing of 2.5ºC (0.8ºC lower than the nominal case), whereas the same
magnitude of change or uncertainty in the positive direction (g =
0.7 + 0.1 = 0.8) results in a 5ºC warming (1.7ºC higher).



RESEARCH OBJECTIVES
In a typical year, terrestrial plants assimilate about twenty

times as much CO2 as is produced through fossil fuel combus-
tion. Of the assimilated carbon, most is rapidly respired back to
the atmosphere, but a substantial fraction is used to build plant
tissues. Root carbon (C) dynamics represent an important and
poorly characterized component of these ecosystem C
exchanges. Our goal in this research was to improve the con-
ceptual representation of fine root (<2 mm diameter) C flows in
a numerical model applicable to site, regional, and global
analyses.

APPROACH 
We used a whole-ecosystem 14C label to explore fundamen-

tal concepts of how carbon cycles through roots, and to devel-
op, parameterize, and test a model (Radix1) of fine-root mortal-
ity and decomposition. Carbon-14 measurements from two
root size classes at three soil depths, tree rings, and soil respi-
ration, along with ancillary data on belowground primary pro-
duction and specific root respiration rates at a temperate forest
in Oak Ridge, Tennessee, were used in the development of
Radix.

ACCOMPLISHMENTS 
In contrast to previous models of fine root C dynamics, the

14C measurements (Figure 1) from the Oak Ridge site clearly
indicated the need for a storage pool to support root growth in
some seasons and at least two C pools each for live and dead
fine roots (Riley et al., 2008). We developed Radix to simulate
two live root pools (one with structural and nonstructural C
components), two dead root pools, non-normally distributed
root mortality turnover times, a stored C pool, and seasonal
growth and respiration patterns. The turnover time through
the stored C pool was estimated to be ~0.7 years (Gaudinski et
al., 2008), while root lifetimes were ~1 and 10 years for the fast
and slow live-root pools, respectively (and similar for the fast
and slow dead-root-pool decomposition turnover times).
Interpretation of root 14C measurements was strongly affected
by root respiration estimates.

SIGNIFICANCE OF FINDINGS 
We conclude that accurate characterization of C flows

through fine roots requires a model with two live fine-root
pools, two dead fine-root pools, storage, and root respiration.
Root turnover times on the order of a decade imply substantial-
ly different response times in biomass and growth than are cur-
rently predicted by models with a single, relatively fast

turnover pool. These results have a substantial impact on pre-
dictions for the amount of C that moves into soil organic mat-
ter, and hence on overall ecosystem C dynamics in forested
ecosystems.

RELATED PUBLICATIONS
Gaudinski, J.B., W.J. Riley, M.S. Torn, J.D. Joslin, and P.J.

Hanson, Quantification of root lifespan and stored carbon
reserves to new root growth using radiocarbon data and a
multi-compartment model. Global Change Biology (in
press), 2008.

R i l e y, W.J., J.B.Gaudinski, M.S. Torn, J.D. Joslin, and P. J .
Hanson, Fine-root mortality in a temperate fore s t :
Estimates using radiocarbon data and numerical modeling.
Global Change Biology (submitted), 2008.
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Figure 1. The measured Δ14C values for (a) live (L, square) roots
and (b) dead (D, triangle) roots that are < 0.5 mm diameter from
0–15 cm depth, with Radix model predictions (solid lines ± stan-
dard deviation), using best-fit root turnover times. For reference,
the 14CO2 values of the local (i.e., labeled) atmosphere are shown
in red.
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There is now broad agreement among scientists, scientific
societies, and government agencies that growing atmospheric
CO2 concentrations resulting from the burning of fossil fuels
are causing increases in global atmospheric temperature. These
temperature increases are projected to disrupt climate, warm
the oceans, and melt continental ice sheets, leading to sea level
rise. Avoiding the widespread and potentially disastrous con-
sequences of climate change and sea-level rise depends on the
ability of mankind to rapidly reduce CO2 emissions.  

Experts believe that to avoid significant disruption of the
climate system and ecosystems, CO2 concentrations must be
stabilized within the next several decades. At today's emission
rates of approximately 30 Gt CO2/year from the burning of
fossil fuels, CO2 concentrations will continue to grow and,
within 50 years, may exceed the levels needed to protect sensi-
tive agricultural and ecosystems and avoid flooding in low-
lying coastal areas. This situation is even more urgent when we
consider that, over the next 50 years, CO2 emissions are expect-
ed to double as the developing world's economies grow and
the global standard of living increases. 

One strategy to reduce effective CO2 emissions that has
quickly advanced from a mere concept to a reality is the geo-
logic storage of CO2 in underground formations. Significant
progress has been made in the critical areas of geologic storage
security and integrity, storage optimization, monitoring and
verification, and risk assessment and mitigation. While addi-
tional research and testing remain to be accomplished before
the technology can be applied widely, results of research con-
ducted in various projects at Berkeley Lab and elsewhere
demonstrate that this technology can make large contributions
to the problem of reducing point-source CO2 emissions for cli-
mate-change mitigation.

On April 7, 2007, following nearly ten years of pioneering
involvement in geologic carbon sequestration, the Earth
Sciences Division added a new program, the Geologic Carbon
Sequestration (GCS) Program. The GCS program is dedicated
to addressing the pressing need for drastic reductions in CO2
emissions, while recognizing that fossil fuels will continue to
be used for decades if not centuries. The GCS curre n t l y
includes four main projects:

• GeoSeq
• West Coast Regional Carbon Sequestration Partnership

(WESTCARB)
• Zero Emissions Research and Technology (ZERT)
• CO2 Geological Storage and Groundwater Resources

Each of these projects is focused on specific aspects of GCS.
For example, GeoSeq focuses on scientific field testing and
analysis of geologic storage including projects overseas. WEST-
CARB is a partnership for the purpose of pilot testing in west-
ern North America to demonstrate the potential for CO2 stor-
age in deep geological formations and to enable deployment of
CCS technology. ZERT performs fundamental research on geo-
logic storage. The potential impact of large-scale geologic
sequestration of CO2 on groundwater quality and hydrology is
investigated in the fourth project.
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Geologic Carbon Sequestration Program Overview

GEOSEQ

The GeoSeq Project has two primary goals: 
(1) To develop ways to improve predictions of injectivity

and effective capacity of saline formations and depleted
gas reservoirs, and

(2) To develop and test innovative high-resolution methods
for monitoring CO2 in the subsurface.

The GeoSeq project leverages scientific understanding and
technology development from three highly visible, ongoing
world-class (Carbon Sequestration Leadership Forum (CSLF)-
recognized) geologic CO2 storage projects, through leadership
and collaboration in the scientific and engineering objectives.
The three projects are the:

(1) Frio Brine Pilot Tests
(2) Otway Basin Pilot Project
(3) In Salah Industrial-Scale CO2 Storage Project

Within these projects, GeoSeq has led the development of
downhole fluid and gas sampling by U-tube, downhole contin-
uous active source seismic monitoring (CASSM), and reservoir
simulation capabilities, including reactive geochemistry, multi-
component gas mixtures, and geomechanical coupling.

We continue to advance understanding of CO2 migration in
brine formations and depleted gas reservoirs, and to investi-
gate the geomechanical effects of industrial-scale CO2 injection.
Although the three projects are carried out in distinct geologi-
cal environments, the scope of GeoSeq is integrative, with
strong cross-task communication and application of common
tools and approaches in related projects. The overall objective
of the GeoSeq project is to gain knowledge of geologic CO2
storage processes and mechanisms, and how to monitor and
simulate them while making results available through publica-
tions and conference participation. Advances derived from
GeoSeq efforts also support the DOE Regional Partnership
Projects through the involvement of the investigators in vari-
ous Partnership projects, and will likely be used in commercial-
scale CO2 operations in the future.

WESTCARB
The West Coast Regional Carbon Sequestration Partnership

(WESTCARB) is a public-private partnership aimed at assess-
ing carbon sequestration opportunities in the Western United
States and Canada. The effort is led by the California Energy

Commission, which is responsible for the overall conduct of
the work. The effort involves numerous private sector and
public sector partners, who will be responsible for carrying out
various aspects of the project. Overarching goals of the WEST-
CARB Phase III effort recently announced include:

(1) Promoting a better understanding of injectivity, capaci-
ty, and storativity of CO2 in typical West Coast forma-
tions

(2) Demonstrating the security and commercial viability of
industrial-scale CO2 storage in a deep saline formation
to pave the way for future widespread West Coast
deployment of CO2 capture and geologic storage.

Lawrence Berkeley National Laboratory’s contribution to
the proposed work for the WESTCARB Phase III effort will
cover the following:

(1) Site characterization efforts in support of local and
regional reservoir model development, evaluation of
formation capacity and injectivity, and regulatory per-
mitting

(2) Risk assessment and mitigation planning in support of
site selection, public safety, environmental protection,
storage effectiveness, and regulatory permitting

(3) Performance monitoring in support of public safety,
e n v i ronmental protection, regulatory oversight, and
demonstration of storage effectiveness. 

ZERT
Carbon dioxide capture and storage in deep geologic for-

mations has quickly emerged as one of the most promising
options for reducing carbon dioxide emissions from combus-
tion of fossil fuels. Potential storage formations include deplet-
ed oil and gas reservoirs, deep salt-water filled formations
(saline formations), and unminable coal beds. ZERT focuses on
developing fundamental knowledge needed to ensure success-
ful storage in saline formations and hydrocarbon reservoirs.
Topics of this study include the following:

(1) Performance prediction for underground fate and trans-
port of CO2

(2) Measurement and monitoring techniques to verify stor-
age and track migration of CO2

(3) Fundamental geochemical and hydrological investiga-
tions of CO2 storage
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The approach will include a combination of theoretical
investigations, field studies, computer simulation, and labora-
tory experiments. Where appropriate, the applicability of these
results to other types of storage formations will be identified. 

CO2 GEOLOGIC STORAGE & GROUNDWATER
RESOURCES (EPA-NETL)

This project addresses concerns about the nation’s gro u n d-
water re s o u rces and the potential impacts of large-scale deploy-
ment of geologic carbon sequestration on gro u n d w a t e r. For
example, leakage of CO2 f rom depth and subsequent migration
into shallow aquifers could result in water quality changes.
F u r t h e r m o re, the displacement of native brines caused by injec-
tion of large volumes of CO2 could impact the basin-scale
h y d rology of shallower groundwater systems, depending on the
level of hydraulic communication between them. Two primary
re s e a rch tasks address these concerns, jointly coordinated by the
U.S. Environmental Protection Agency (EPA) and the National
E n e rgy Technology Laboratory (NETL):

1. Understanding groundwater quality changes in case of
CO2 intrusion (Task A)

2. Large-scale hydrological evaluation and modeling of
impact on groundwater systems (Task B)

Both tasks are currently in the first year of a three-year
research effort.

FUNDING
The GCS Program receives the bulk of its funding both

directly and indirectly (e.g., indirectly through collaboration
with regional partnership groups) from the Assistant Secretary
for Fossil Energy, Office of Sequestration, Hydrogen, and Clean
Coal Fuels, National Energy Technology Laboratory, of the U.S.
Department of Energy under U.S. Department of Energ y
Contract No. DE-AC02-05CH11231. Additional support is pro-
vided by the U.S. Environmental Protection Agency (EPA), the
Carbon Capture Project (CCP), and various other sources
through the Berkeley Lab Work for Others program.
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Geologic Carbon Sequestration Program

RESEARCH OBJECTIVES
If carbon dioxide capture and storage (CCS) technologies are

implemented, the amount of CO2 injected and sequestere d
u n d e rg round will be extremely large. To date, the impact of
l a rge-scale injection and related brine displacement on re g i o n a l
m u l t i l a y e red groundwater systems has not been systematically
assessed. The present project aims at enhancing understanding of
the increase and extent of water pre s s u re in the storage formation
and in the shallower aquifers, due to injection of large amounts
of supercritical CO2. In particular, the change in gro u n d w a t e r
table level, the effect on discharge and re c h a rge zones in the
g roundwater system, and the impact of these changes on the
p roperties and characteristics of underg round sources of drink-
ing water (USDWs) will be investigated systematically. 

APPROACH 
A series of studies is being conducted with successive

degrees of complexity, leading up to detailed modeling of one
or two selected basin-scale groundwater systems in the United
States with potential for large-scale CO2 sequestration. The
first study is a systematic evaluation of storage capacity and
pressure buildup in compartmentalized storage formations,
where the native brine cannot easily escape because of closed
boundaries. The second study assumes open multilayered
groundwater systems and evaluates the potential impacts of
brine displacement on shallow aquifers. Impact of coupled
hydromechanical effects will be evaluated in the third study.
Finally, the fourth study is an analysis and modeling of one or
two representative basin-scale groundwater systems.

ACCOMPLISHMENTS 
Results from a multiphase simulation model for CO2 i n j e c-

tion into a compartmentalized saline formation were obtained
as a function of storage formation volume and hydro g e l o g i c
characteristics. An example is shown in Figure 1. Based on com-
parison with simulation results, simple quick-assessment meth-
ods were developed for estimating the storage capacity in such
p re s s u re-constrained systems. We have also started a simula-
tion study investigating CO2 injection into a multilayer system
with open lateral boundaries as a function of the permeability
of the upper and lower sealing units. It was found that the pre s-
ence of low-permeability sealing layers may significantly aff e c t

f l u i d - p re s s u re buildup and brine displacement for both lateral-
ly open and closed systems.

SIGNIFICANCE OF FINDINGS 
Simple, quick-assessment methods for estimating storage

capacity in pressure-constrained systems may prove to be valu-
able in practical applications, such as selection of an optimal
site among several possibilities. The indicated significant influ-
ence of vertical brine movements through upper and lower
confining layers on storage capacity may have been ignored in
many large-scale studies to date. These will be further investi-
gated. Papers summarizing results of the present research are
being prepared for submission to journals.

RELATED PUBLICATION
Zhou, Q., J. Birkholzer, J. Rutqvist, and C.-F. Tsang, Sensitivity

study of CO2 capacity in brine aquifers with closed bound-
aries: Dependence on hydrogeologic properties. Abstract
Submitted to 6th Annual Conference on Carbon Capture
and Sequestration, Pittsburgh, PA, May 2007.
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Figure 1. Schematic of the “closed” deep brine aquifer for CO2
injection, with numerical mesh and observation points for the
transient features of the aquifer in response to the CO2 injection.
The figure shows a large target formation with a radial extent of
100 km.



RESEARCH OBJECTIVES
If carbon dioxide stored in deep saline aquifers leaks into

overlying sources of potable groundwater, the intruding CO2
would lower groundwater pH and thereby enhance the solu-
bility of hazardous inorganic constituents (e.g., lead and
arsenic). How and to what extent groundwater potability
would be affected depend largely on the initial abundance and
distribution of these constituents in the aquifers, as well as on
the aquifer mineralogy and the oxidation state. The research
objective is to understand in a general sense (1) which aquifer
systems and regions of the United States might be vulnerable
in case of CO2 intrusion, and (2) which inorganic constituents
might adversely affect water quality and to what extent.

APPROACH
A database analysis is being conducted to evaluate almost

40,000 groundwater samples taken throughout the United
States that report non-zero concentrations of selected haz-
ardous constituents. Equilibrium models of aquifer chemistry
are being developed to estimate the initial distribution of these
h a z a rdous constituents between the aqueous phase and
adsorption and ion exchange sites, and in solid solution in pri-
mary and secondary minerals. The equilibrium models are
then used as a starting point to (1) simulate the redistribution
of hazardous constituents between the host rock and the
groundwater in the case of CO2 intrusion with reactive trans-
port models and (2) to predict the expected aqueous concentra-
tions of such constituents for a range of relevant aquifer condi-
tions. Laboratory experiments will also be conducted to vali-
date and support the numerical results. 

ACCOMPLISHMENTS 
Data from almost 40,000 groundwater samples have been

systematically evaluated in an automated procedure involving
data management systems and distribution-of-species model-
ing. Results provide valuable information on the relevant geo-
chemical conditions in aquifers defining the vulnerability of
aquifers in case of CO2 intrusion. For example, we identified
the fraction of groundwaters where minerals control the activ-
ity of hazardous constituents in the aqueous phase (which
makes them vulnerable) and determined the number of sam-
ples that are saturated with respect to calcite (which makes
them less vulnerable—Figure 1). In parallel to the database
evaluation, a large number of reactive transport simulations
have been conducted for modeling the mobilization of lead and
arsenic in response to the intrusion of gaseous CO2 into a shal-
low aquifer. Various sensitivities have been evaluated related
to aquifer conditions (e.g., CO2 intrusion rate, aquifer hydroge-
ology), geochemical parameters (e.g., rock mineralogy, thermo-
dynamic data) and processes (e.g., adsorption/desorption,
cation exchange, co-precipitation). 

SIGNIFICANCE OF FINDINGS 
Our preliminary results demonstrate that CO2- related disso-

lution may strongly increase concentrations of lead and arsenic
in the gro u n d w a t e r, indicating the significance of this subject for
geologic carbon sequestration. However, the simulations con-
ducted to date arrive at water contamination above health-based
limits only when very conservative assumptions are made with
respect to the aquifer geochemical conditions. Our ongoing
study will use more realistic scenarios and will be supplement-
ed by laboratory experiments. Once completed, this re s e a rc h
will provide a systematic evaluation of main aquifer types and
determine their vulnerability in case of CO2 i n t rusion. 

RELATED PUBLICATIONS
Xu, T., J. Apps, and J. Birkholzer, Contamination of groundwa-

ter by hazardous inorganic chemical constituents through
induced acidification due to CO2 leakage from a storage
formation. Abstract in Proceedings of the 6th A n n u a l
C o n f e rence on Carbon Capture and Sequestration,
Pittsburgh, PA, May 2007. 

Zhang, Y., J.A. Apps, J.A. Birkholzer, T. Xu, and C.-F. Tsang, A
database analysis of the distribution of hazardous metals in
groundwaters of the United States. Abstract in Proceedings
6th Annual Conference on Carbon Capture and
Sequestration, Pittsburgh, PA, May 2007.
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Figure 1. Calculated saturation index (logQ/K) distribution for
calcite based on evaluation of almost 40,000 groundwater samples
from aquifers throughout the United States
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RESEARCH OBJECTIVES
Surface monitoring to ensure safe

and effective CO2 storage is compli-
cated by the large area that may need
to be monitored, and by large fluctua-
tions in natural background CO2 f l u x-
es and concentrations. These compli-
cations make seepage (surface CO2
leakage) monitoring potentially very
expensive. We adopt the philosophy
that m o n i t o r i n g is the activity
involved in detecting and locating
seepage areas, while m e a s u re m e n t s a re
made to pinpoint and quantify seep-
age once it is detected. To be eff e c t i v e
at detecting seepage, a monitoring
p rogram must be aff o rdable enough
to carry out and there f o re re q u i re s
optimization. In this work, we
e x p l o re various optimization strate-
gies for characterizing seepage using
n e a r-surface measurement appro a c h-
es such as accumulation chambers and eddy covariance towers. 

APPROACH
We are using a combination of theoretical and numerical

a p p roaches. Simulations of CO2 seepage in a 3-D system with
variable topography were carried out using TO U G H 2 / E O S 7 C A
to generate a virtual seepage signal. The resulting virtual CO2
concentrations were analyzed using MATLAB routines for arti-
ficial neural networks (ANNs) and particle swarm optimization
(PSO) to develop a promising approach for optimizing seepage
c h a r a c t e r i z a t i o n .

ACCOMPLISHMENTS
Assuming no a priori knowledge of where seepage will occur,

a static grid-based arrangement of monitoring stations (e.g., eddy
covariance towers) is the only configuration suitable to ensure
detection of seepage above some threshold value. The fixed-grid
a p p roaches needed to detect seepage are expected to re q u i re larg e
numbers of eddy covariance towers for large-scale geologic CO2
storage. Once seepage has been detected and roughly located
using a fixed grid approach, seepage zones and features can be
optimally pinpointed through a dynamic search strategy, e.g.,
employing accumulation chambers and/or soil-gas sampling.
Quantification of seepage rates can be done through measure-
ments on a localized fixed grid once the seepage is pinpointed. 

ANNs can be used as re g ression models for
distinguishing natural system behavior fro m
C O2 seepage without the need for detailed

understanding of natural system
p rocesses. An example of the use of
ANNs for seepage detection is shown in
F i g u re 1. Because of natural variability,
simple steepest-descent algorithms are
not effective, and evolutionary computa-
tion algorithms are proposed as a para-
digm for dynamic monitoring networks
to pinpoint CO2 seepage areas. One such
a p p roach is PSO, in which a swarm of
particles is assigned a random position
and velocity to sample the search space.
We used PSO to locate the CO2 s e e p a g e
anomaly in the virtual landscape of
F i g u re 1. Convergence to the global min-
imum was achieved in the majority of
the runs for diff e rent random initializa-
tions. Additional analyses will need to
be undertaken for a better understand-
ing of convergence and converg e n c e
rates. 

SIGNIFICANCE OF FINDINGS
The expense anticipated to carry out effective geologic CO2

storage monitoring motivates optimization. We find that
ANNs and PSO are promising approaches for lowering the cost
of CO2 seepage characterization. 

RELATED PUBLICATIONS
Cortis, A., C.M. Oldenburg, and S.M. Benson, On the optimality of

a b o v e - g round monitoring networks for carbon capture and
storage. LBNL-62512 Abs. Sixth Annual Conference on Carbon
C a p t u re and Sequestration, Pittsburgh, PA, May 8-10,2007, 

O l d e n b u rg, C.M., A. Cortis, and S.M. Benson, Near- S u r f a c e
Dispersion of CO2 Seepage from Geologic Storage Sites:
Interplay of Process and Detection Strategy. LBNL-62875 A b s .
American Geophys. Union Fall Meeting, San Francisco, CA,
Dec. 2006.
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Figure 1. Application of the ANN technique. Left: CO2
concentrations (light blue is low CO2 concentration,
red is high) generated by simulation of a constant
low-level CO2 flux through a 3-D topography with a
20-times larger flux (leakage flux) in an area near 1000
m, 900 m. The array of red dots in the upper left-hand
corner represents a set of CO2 concentration measure-
ments uninfluenced by the leakage flux that are used
to train the ANN. Measurements at the purple dots
are taken as a validation set for the ANN model. The
green dots represent measurements taken along a line
c rossing the anomalous seepage footprint. Right:
Results of the ANN regression model. The explanato-
ry variables are the liquid saturation and the vegeta-
tion (not shown). 



RESEARCH OBJECTIVES

Monitoring of subsurface CO2 storage is a key component
of carbon sequestration. As part of a small-scale CO2 injection,
known as the Frio-II experiment, we developed a novel cross-
well seismic monitoring approach, which would allow contin-
uous crosswell monitoring during injection through use of a
borehole source deployed in the injection well. The Frio-II
experiment had the goal of monitoring CO2 plume migration
under conditions strongly affected by buoyancy of CO2 in the
brine aquifer. Monitoring buoyancy required crosswell geo-
physical measurements because fluid sampling in the observa-
tion well could not be relied on to detect the depth of initial
CO2 breakthrough within the reservoir interval.

APPROACH
Time-lapse crosswell tomographic imaging of the Frio-I CO2

plume demonstrated that large changes in seismic velocity (a 500
m/s decrease within the plume) were caused by the injection of
s u p e rcritical CO2 into the brine re s e r v o i r. The large seismic veloc-
ity change measured in the Frio-I test suggested that continuous
monitoring of crosswell travel time during injection could detect
C O2 saturation changes along a given raypath. There f o re, we
designed a crosswell CASSM experiment for Frio-II in which data
would be acquired continuously during injection along a set of
fixed raypaths (Figure 1). Conceptually, if the CO2 s a t u r a t i o n
and/or plume thickness increased along a given raypath, the trav-
el time would decrease, thereby allowing detection with some
spatial resolution, especially in the vertical direction. Obtaining
continuous crosswell seismic data re q u i red deploying the seismic
s o u rce and sensors via production tubing concurrently with a

geochemical fluid sampling system. The seismic source needed to
be deployed on the outside of production tubing, within a small
annular space. To address this limitation, we designed a novel
“piezotube” source (Daley et al., patent pending). The sourc e
could then be deployed in the injection well for the duration of the
i n j e c t i o n .

ACCOMPLISHMENTS
Continuous crosswell seismic monitoring of a small-scale

CO2 injection was accomplished with the development of a
novel tubing-deployed piezoelectric borehole source. This
“piezotube” source, deployed on the CO2 injection tubing near
the top of the saline aquifer reservoir at 1,657 m depth, enabled
acquisition of crosswell recordings at 15-minute intervals dur-
ing the multiday injection. The change in travel time recorded
at various depths in a nearby observation well allowed hour-
by-hour monitoring of the growing CO2 plume via the induced
seismic velocity change (Figure 1). 

SIGNIFICANCE OF FINDINGS
Our field-scale application of the CASSM methodology,

along with the development of a tubing deployable source,
demonstrates a novel approach for characterizing reservoir
processes in situ. The travel-time measurements indicate that
the CO2 plume reached the top of the reservoir sand before
reaching the observation well, thus providing information
about the in situ buoyancy of CO2. Potential applications
include perimeter detection of migrating CO2 and detailed
crosswell “movies” of reservoir fluid movement.

RELATED PUBLICATIONS
Daley, T.M., R.D. Solbau, J.B. Ajo-Franklin, and S.M. Benson,

Continuous active-source monitoring of CO2 injection in a
brine aquifer. Geophysics, 71(5), 33-41, 2007. 

Daley, T.M., L.R. Myer, J.E. Peterson, E.L. Majer, and G.M.
Hoversten, Time-lapse crosswell seismic and VSP monitor-
ing of injected CO2 in a brine aquifer. Environmental
Geology (in press), 2007.
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Figure 1. Schematic of Frio-II seismic monitoing experiment with
conceptual CO2 plume after one day (inner short dash) and after 2
days (outer long dash), with measured delay times at three sensor
depths over 3.5 days of CO2 injection shown at right.
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RESEARCH OBJECTIVES
Geologic storage of carbon dioxide (CO2) in brine-bearing for-

mations has been proposed as a means of reducing the atmos-
pheric load of greenhouse gases. In the subsurface, superc r i t i c a l
C O2 forms an immiscible gas-like phase and partially dissolves in
the brine. Numerical models of
C O2/brine systems use characteristic
curves to re p resent the interactions of
nonwetting-phase supercritical CO2 a n d
wetting-phase brine. The simplest char-
acteristic curves are nonhystere t i c — t h e
capillary pre s s u re and relative perme-
abilities depend only on the local satura-
tion at the current time. A m o re sophisti-
cated approach is a hysteretic formula-
tion, in which capillary pre s s u re and re l-
ative permeabilities depend not only on
the current value of the local saturation,
but on the history of the local saturation
and the process that is occurring:
drainage (replacement of wetting phase
with nonwetting phase) or wetting
( replacement of nonwetting phase with
wetting phase, also known as imbibi-
tion). The objective of this re s e a rch is to
investigate the impact of using nonhys-
t e retic or hysteretic characteristic curves
to model various aspects of CO2 g e o l o g i-
cal storage. 

APPROACH
Two example problems involving

geologic CO2 storage are simulated with
TOUGH2, a multiphase, multicomponent
code developed at Berkeley Lab for flow
and transport through geologic media. TOUGH2 considers all
flow and transport processes relevant for a two-phase (liquid-gas),
t h ree-component (CO2, water, dissolved NaCl) system. Both a
n o n h y s t e retic and a newly developed hysteretic formulation are
employed to re p resent characteristic curves, to illustrate the appli-
cability and limitations of nonhysteretic methods. The first applica-
tion considers leakage of CO2 f rom the storage formation to the
g round surface, while the second examines the role of hetero g e n e-
ity within the storage formation.

ACCOMPLISHMENTS
Simulation results show drastically diff e rent behavior for the

long-term evolution of CO2 plumes for nonhysteretic and hys-
t e retic formulations. For an idealized pro b l e m
that involves only drainage or only wetting, a

n o n h y s t e retic formulation, in which capillary pre s s u re and re l a-
tive permeability depend only on the current value of the grid-
block saturation, would be adequate. However, for a more re a l i s-
tic problem that includes both injection of CO2 (a drainage

p rocess) and its subsequent postinjection
evolution (a combination of drainage
and wetting), hysteretic characteristic
curves are re q u i red to correctly capture
the behavior of the CO2 plume. This find-
ing is a consequence of the fact that re s i d-
ual gas saturation Sg r (the saturation
below which free-phase CO2 is trapped)
is strongly process-dependent, with a
z e ro value during drainage and a poten-
tially large value during imbibition, a
value that increases with the maximum
local historical value of gas saturation.  

SIGNIFICANCE OF FINDINGS
During post-injection periods, the

leading edge of the CO2 plume underg o e s
drainage (Sg r=0), while the trailing edge
u n d e rgoes wetting (large Sg r). Thus, the
plume is more mobile at the leading edge
and less mobile at the trailing edge, so it
elongates. In addition to trapping signifi-
cant quantities of free-phase CO2 at the
trailing edge of the plume, this elongation
enables more CO2 to dissolve in the brine
and greater interaction with rock minerals
to occur, further immobilizing CO2. It is
impossible to correctly model these
p rocesses using a nonhysteretic formula-
tion for characteristic curves.

RELATED PUBLICATION
Doughty, C., Modeling geologic storage of carbon dioxide:

comparison of non-hysteretic and hysteretic characteristic
curves. Energy Conversion and Management 48(6),
1768–1781, 2007.

Related web site: http://www-esd.lbl.gov/GEOSEQ/index.html
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Figure 1. Free-phase CO2 distributions at a series
of times for hysteretic (top) and nonhysteretic
(middle and bottom) formulations for characteris-
tic curves. CO2 injection at 1,000 m depth lasts for
one month.  Neither nonhysteretic case can model
the post-injection period in which the CO2 plume
is more mobile at the top than at the bottom and a
small amount of CO2 reaches the surface while the
bulk of the plume remains trapped at depth.



RESEARCH OBJECTIVES
Geologic storage of carbon dioxide (CO2) in brine-bearing

formations has been proposed as a means of reducing the
atmospheric load of greenhouse gases. Careful site characteri-
zation is critical for successful geologic storage of CO2, because
of the many physical and chemical processes impacting CO2
movement and containment in the subsurface. Traditional site
characterization techniques—such as geological mapping, geo-
physical imaging, and well logging and testing—provide the
basis for judging whether or not a site is suitable for CO2 stor-
age. However, only through the injection and monitoring of
CO2 itself can the coupling between buoyancy flow, geologic
heterogeneity, and history-dependent multiphase flow effects
be observed and quantified. The purpose of this work is to
demonstrate that CO2 injection and monitoring can provide a
valuable addition to the site-characterization process.  

APPROACH
At the Frio brine pilot, a re s e a rch project located in Dayton,

Texas, 1,600 metric tons of CO2 w e re injected over a period of 10
days into a steeply dipping brine-saturated sand layer at a depth
of 1,500 m. The pilot is used as a case study to illustrate an iter-
ative sequence in which traditional site characterization is used
to pre p a re for CO2 injection, and then monitoring of the CO2
injection itself is used to further site-characterization efforts.  

Numerical modeling plays a central role in integrating geo-
logical, geophysical, and hydrological field observations. In the
subsurface, supercritical CO2 forms an immiscible gas-like
phase that is strongly buoyant and partially dissolves in the
brine. The numerical simulator TOUGH2 considers all flow
processes relevant for a two-phase (liquid-gas), three-compo-
nent (CO2, water, dissolved NaCl) system, including newly
developed hysteretic formulations for capillary pressure and
relative permeability functions.  

ACCOMPLISHMENTS
P re-injection activities included traditional site-characteriza-

tion techniques, such as review of the regional geology, develop-
ment of a local geological model, analysis of wireline logs, labo-
ratory analysis of core samples, chemical analysis of brine sam-
ples, pre s s u re-transient analysis of an interference well test, and
b re a k t h rough curve analysis for a two-well re c i rculation tracer
test. A d d i t i o n a l l y, the CO2 injection itself served as an interfer-
ence well test by monitoring downhole pre s s u re in both wells
and as a two-well tracer test by sampling fluid at the observation
well using a novel U-tube configuration. Geophysical monitor-
ing of CO2 movement in the subsurface during and after the
injection period provided information on the spatial distribution
of CO2 at diff e rent scales. CO2-saturation-sensitive well logs
w e re run periodically in both injection and observation wells,

c rosswell seismic was conducted in the plane between the injec-
tion and observation wells before and after CO2 injection, and
vertical seismic profiles (VSP) monitored the CO2 plume as it
migrated beyond the immediate vicinity of the wells.  

By comparing field observations to model results, we
obtained both an improved understanding of the local geology
and better-constrained values of multiphase flow parameters
(see Figure 1).

SIGNIFICANCE OF FINDINGS
Well thought-out site characterization is essential for suc-

cessful geologic storage of CO2, and the site-characterization
process greatly benefits from the addition of CO2 injection and
monitoring.  

RELATED PUBLICATION
Doughty, C., B.M. Freifeld, and R.C. Trautz, Site characteriza-

tion for CO2 geologic storage and vice versa—The Frio
brine pilot, Texas, USA, as a case study. Environmental
Geology DOI 10.10007/s00254-007-0942-0, 2007.
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Figure 1. CO2 arrival at observation well as monitored with U-
tube sampling and model results for the 8 m sand model consid-
ering different two-phase flow parameters: Slr is residual liquid
saturation, and m quantifies the interference between liquid and
gas phases.
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RESEARCH OBJECTIVES
The eddy covariance (EC) method, a micrometeorological

technique traditionally used to measure CO2 fluxes across the
interface between the atmosphere and a plant canopy, has been
proposed as a viable technique to monitor for CO2 leakage
from geologic storage sites. EC provides the benefit of an auto-
mated flux measurement that is averaged over both time and
space. However, the theory that underlies EC assumes spatial
homogeneity of surface fluxes and flat terrain, conditions that
are not typically met at sites being considered for CO2 storage.
The objective of this work is to evaluate the quality of EC CO2
flux measurements made at Mammoth Mountain, California, a
site that challenges the basic assumptions of EC with complex
terrain and high, spatially heterogeneous CO2 emission rates.  

APPROACH
An EC station was deployed on Mammoth Mountain from

September 8, 2006, to October 24, 2006. EC CO2 fluxes were cal-
culated by time averaging over half-hour periods the product
of the time series of fluctuating vertical wind velocity and
atmospheric CO2 concentration, measured at a fixed height
above the ground surface. Surface CO2 fluxes were also meas-
ured at point locations on a grid using the chamber method,
repeatedly over a ten-day period. EC fluxes were compared to
chamber fluxes through the footprint model, a weighting func-
tion that describes the relative contribution of each point
source surface flux to the EC flux. On any given day, the grid
of chamber CO2 flux measurements was weighted by the half-
hour EC footprint function (hereafter referred to as the foot-
print CO2 flux) and compared to the half-hour EC flux.

ACCOMPLISHMENTS
The mean and standard deviation of the relative difference

between the EC and footprint CO2 fluxes, expressed as a per-
centage of the footprint flux, were –0.3 and 23%, respectively,
indicating that the measurements were nearly unbiased. A plot
of EC versus footprint CO2 flux (Figure 1a) shows that the data
are moderately correlated (R2 = 0.42 for 1:1 line). The correla-
tion increases (R2 = 0.70 for 1:1 line) for average daily EC ver-
sus average daily footprint CO2 flux (Figure 1b). 

SIGNIFICANCE OF FINDINGS
EC CO2 fluxes were measured at a site that challenged the

underlying assumptions of EC theory. Variability in the EC and
footprint flux datasets was likely caused by our inability to com-
pletely characterize spatial-temporal variations in surface CO2
fluxes using the chamber method, as well as by inherent random
e r rors associated with both the EC and chamber methods.

Average daily EC and footprint CO2 f l u x e s
w e re well correlated, indicating that when ran-
dom error is reduced by temporal averaging,

the EC technique can perform well under certain challenging
site conditions. EC has the potential to be reliably used for leak-
age monitoring at CO2 storage sites. 

RELATED PUBLICATION
Lewicki, J.L., G.E. Hilley, T. Tosha, R. Aoyagi, K. Yamamoto,

and S.M. Benson, Dynamic coupling of volcanic CO2 flow
and wind at the Horseshoe Lake tree kill, Mammoth
Mountain, California. Geophysical Research Letters, 34,
L03401, doi:10.1029/2006GL028848, 2007.
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Figure 1. Plots of (a) EC CO2 flux versus footprint CO2 flux for
half-hour EC measurements and (b) average daily EC CO2 flux
versus average daily footprint CO2 flux.



RESEARCH OBJECTIVES
While the purpose of geologic carbon storage is to trap CO2

underground, CO2 could migrate away from the storage site
into the shallow subsurface and atmosphere. Although limited
CO2 leakage does not negate the net reduction of CO2 emis-
sions to the atmosphere, adverse health, safety, and environ-
mental risks associated with elevated CO2 concentrations must
be evaluated. Cases of CO2 leakage from natural reservoirs to
the near-surface environment serve as analogues for the poten-
tial release of CO2 from geologic storage sites. The objective of
this research is to summarize and compare the features, events,
and processes (FEPs) of CO2 leakage examples from natural
geologic reservoirs. We describe causes and consequences of
CO2 leakage, and discuss implications for geologic carbon stor-
age and risk assessment work.

APPROACH
Carbon dioxide leakage cases were classified according to

(1) key features of the CO2 accumulation, including site loca-
tion, the source of the CO2, and the geologic model for CO2
accumulation; (2) the events leading to leakage from the reser-
voir; and (3) the processes by which CO2 was released at the
surface, including the pathway(s) for leakage and the style of
surface emission. Cases from volcanic, geothermal, and sedi-
mentary basin settings were considered.

ACCOMPLISHMENTS
Key FEPs were identified for a wide range of CO2 leakage

cases. Here, we show one example from each major geologic
setting (Table 1).

SIGNIFICANCE OF FINDINGS
Four general FEPs were identified based on analysis of a

range of natural analogues for CO2 leakage, from which les-
sons can be learned and should be applied to risk assessment
associated with geologic carbon storage:

(1) CO2 can both accumulate beneath, and be released
from, primary and secondary reservoirs with capping
units located at a wide range of depths. Both primary
and secondary reservoir entrapments for CO2 should
be properly characterized at potential geologic carbon
sequestration sites.  

( 2 ) Many CO2 releases have been correlated with a specific
event that has triggered the release, such as magmatic or
seismic activity.  The potential for processes that could cause

geomechanical damage to sealing cap rocks and trigger the
release of CO2 f rom a storage reservoir should be evaluated.

(3) Unsealed fault and fracture zones can act as fast and
direct conduits for CO2 flow from depth to the surface.
Risk assessment should therefore emphasize determin-
ing the potential for and nature of CO2 migration along
these structures.  

( 4 ) The style of CO2 release at the surface varies widely
between and within diff e rent leakage sites. In rare circ u m-
stances, the release of CO2 can be a self-enhancing and/or
e ruptive process; this possibility should be assessed in the
case of CO2 leakage from storage re s e r v o i r s .

RELATED PUBLICATION
Lewicki, J.L., J. Birkholzer, and C.-F. Tsang, Natural and indus-

trial analogues for leakage of CO2 from storage reservoirs:
Identification of features, events, and processes and lessons
learned. Environmental Geology, doi:10.1007/s00254-006-
0479-7, 52, 2007.
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RESEARCH OBJECTIVES
Critical to the large-scale deployment of carbon dioxide

capture and storage (CCS) is a simple, transparent, and accept-
ed basis for regulators and stakeholders to certify that the risks
of geologic CCS projects to health, safety, and the environment
(HSE) are acceptable. The objective of this effort is to develop a
simple, transparent, and accepted framework for evaluating
leakage risk for certifying operation and decommissioning of
geologic CO2 storage sites. 

APPROACH
The U.S. EPA’s Underground Injection Control (UIC) pro-

gram is used successfully to regulate deep injection of liquids.
Under the most stringent set of regulations, injected liquid is
required not to migrate away from the injection zone for 10,000
years. This is the so-called non-migration requirement. There
are fundamental differences between liquids regulated under
the UIC program and geologic CO2 storage, differences that
make a nonmigration requirement inappropriate for CCS. For
example, vastly larger volumes of CO2 will be injected relative
to hazardous liquid-waste disposal, and the buoyancy of
supercritical CO2 creates an upward driving force for migra-
tion. Under the conditions applicable to CO2 storage, we pro-
pose an effective trapping requirement analogous to the non-
migration requirement of the UIC program. In the CF, effective
trapping, based on CO2 leakage risk (CLR), is the overarching
requirement for safety and effectiveness of a CO2 storage site.
With user input on subsurface properties, wells, faults, vulner-
able assets, and injection parameters, the CF calculates the CLR
for a given site. In the CF, CO2 leakage risk is defined as the
product of impact and probability of impact (CLR = I x P).
Impacts are assumed to occur when CO2 enters one or more of
the following compartments at a rate above an agreed-upon
limit:

ECA = Emission Credits and Atmosphere
HSE = Health, Safety, and Environment
USDW = Underground Sources of Drinking Water
HMR = Hydrocarbon and Mineral Resources
Reservoir simulation is used to calculate CO2 fluxes with

time into compartments. Fluxes and concentrations are either
read from a catalog of pre-simulated results or computed on a
site-specific basis. Probabilities of the injected CO2 plume inter-
secting wells and/or faults (Pwf), and of wells and/or faults
intersecting compartments (Pic), are based on input data on
well and fault density, along with computed CO2 plume geom-
etry. CF is probabilistic in existence of a flow pathway and

deterministic in flow along the pathway. If the CLR is below
t h reshold values, then the CO2 is considered eff e c t i v e l y
trapped, meaning that the storage site is safe and effective. A
flow chart of the CF approach is presented in Figure 1. 

ACCOMPLISHMENTS
We have developed a framework for calculating CO2 leak-

age risk to various compartments. We have assembled a ten-
member international advisory board from whom we get feed-
back and comments on our approach. We are currently carry-
ing out a case study using the framework to evaluate a hypo-
thetical CO2 storage project in the Texas Gulf Coast.  

SIGNIFICANCE OF FINDINGS
The CF is a simple and transparent framework in which

limited leakage is allowable, as long as the leakage risk is
below agreed-upon thresholds.  

RELATED PUBLICATIONS
Oldenburg, C.M., and S.L. Bryant, Certification framework for

geologic CO2 storage. LBNL-63395 Abs. Sixth A n n u a l
C o n f e rence on Carbon Capture and Sequestration,
Pittsburgh, PA, May 8–10, 2007 
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Figure 1. CF flow diagram showing inputs, outputs, and CF logic  



RESEARCH OBJECTIVES
Demonstrations by the technical community of the ability

to detect, characterize, mitigate, and remediate CO2 seepage
from geologic CO2 storage sites are needed to satisfy public
concerns about the safety and environmental impact of geolog-
ic CO2 storage. To develop and demonstrate approaches for
detection and characterization of CO2 seepage, the Zero
Emissions Research Technology (ZERT) team constructed a
shallow CO2 release facility in an agricultural field on the
Montana State University (MSU) campus. The idea behind the
facility is to emulate CO2 seepage through direct injection of
CO2 at shallow depths. The facility consists of a 70 m long hor-
izontal well approximately 2.5 m deep. The well is packed off
into six sections, into which CO2 is injected independently to
model leakage through a linear feature such as a fault or frac-
ture. In the study presented here, numerical simulations of CO2
release are carried out to provide modeling support for exper-
iment design and data interpretation. 

APPROACH
The simulator TOUGH2/EOS7CA (Oldenburg and Unger,

2003; 2004) is used to model CO2 injections into the shallow
subsurface at the MSU site for two sets of experiments: (1) shal-
low vertical-well injection using a 2-D radial grid; and (2) shal-
low horizontal-well injection using a 2-D cartesian grid. The
shallow subsurface at the MSU site consists of 1.2 m of soil
overlying a cobble formation, with water table at approximate-
ly 1.5 m depth. The shallow vertical-well injection consisted of
a 1.6 L/min (4.8 × 10-5 kg/s) CO2 injection at a depth of
approximately 3 m. Seepage fluxes were measured in the field
using an accumulation chamber around the injection well in
the N, S, E, and W directions. Measured CO2 seepage fluxes
were used as constraints to fit appropriate model permeabili-
ties to the soil and cobble layers.  Subsequently, these fitted soil
and cobble properties were used in forward models for design
and prediction of the horizontal release experiment.  

ACCOMPLISHMENTS
Presented in Figure 1 (top) is the simulated vertical-injec-

tion well seepage flux (solid lines) along with the measured
data showing the fit obtained for ksoil = 5 × 10-11 m2 (50 D), and
kcobble = 3.2 × 10-12 m2 (3.2 D). The high inferred permeability
of the soil likely arises from cracks and root casts that create
macropores through which soil gas and atmospheric air readi-
ly flow. Figure 1 (bottom) shows simulated results for the hor-
izontal well. Various injection rates were simulated. The 100
kg/d rate predicted breakthrough after 1.5 days and seepage
fluxes that were neither too easy nor too difficult to detect
(qmax ~ 100 µmoles/(m2 s) (380 g/(m2 d)).  The subsequent
field experiment , run at an injection rate of 100 kg/d, resulted
in the collection of field data using a variety of approaches that
generally agreed with the predictive calculations.  

SIGNIFICANCE OF FINDINGS
That shallow soils can be very permeable to upward CO2

seepage is a key finding of this research project. The implica-
tion is that CO2 in the shallow subsurface can easily migrate
upwards and seep out of the ground, where various monitor-
ing approaches may be used for characterizing the seepage.  

RELATED PUBLICATIONS
Oldenburg, C.M., and A.J.A. Unger, On leakage and seepage

from geologic carbon sequestration sites: Unsaturated zone
attenuation. LBNL-51928. Vadose Zone Journal, 2(3),
287–296, August 2003.  .

Oldenburg, C.M., and A.J.A. Unger, Coupled vadose zone and
atmospheric surface-layer transport of CO2 from geologic
carbon sequestration sites. LBNL-55510. Vadose Zone
Journal, 3, 848–857, 2004.
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F i g u re 1.  CO2 seepage flux (MeanCOFT) fit to vertical injection test
VID2 data by changing the permeability in soil and cobble layers
(top), and cross-sectional simulation of the horizontal well injection
at 10 d (bottom).  Color contours are mass fraction of CO2 in the gas
phase (Xg

C O 2), and white lines are contours of liquid saturation. 



RESEARCH OBJECTIVES
Depleted natural gas reservoirs are a

p romising target for the storage of anthro-
pogenic CO2 as a greenhouse gas mitiga-
tion strategy. One effect of injecting CO2
into a low-pre s s u re (depleted) gas re s e r v o i r
is Joule-Thomson cooling. Potential pro b-
lems that could arise from Joule-Thomson
cooling include the formation of CO2
and/or CH4 hydrates, freezing of re s i d u a l
water and associated reduction in injectivi-
t y, and generation of thermal stresses that
could fracture the formation. The purpose
of this study is to use numerical simulation
to investigate the magnitude of Joule-
Thomson cooling that may arise during
C O2 injection into depleted CH4 re s e r v o i r s .

APPROACH
We used a simple one-dimensional

radial geometry to represent an idealized
depleted gas reservoir (Figure 1, top).
Production is idealized as being from the
outermost gridblock at a distance of 1100
m in a five-spot pattern. We used the
TOUGH2 module called EOS7C
(Oldenburg et al., 2004), which models
five components (water, brine, noncon-
densible gas, tracer, and methane) under
isothermal or nonisothermal conditions. The subroutines used
in EOS7C are available as a web-based tool to calculate proper-
ties of gas mixtures ( h t t p : / / e s d t o o l s . l b l . g o v / g a s e o s / h o m e . h t m l ) .
We verified the methods used in EOS7C for expansion-re l a t e d
cooling by modeling the classical Joule-Thomson experiment, in
which gas flows at constant enthalpy from a bulb at high pre s-
s u re to a bulb at lower pre s s u re as the temperature change is
re c o rded. Simulated results agreed well with re f e rence values. 

ACCOMPLISHMENTS
H e re we present a single example simulation consisting of a

constant-rate CO2 injection at 3 kg/s with an injection tempera-
t u re and initial reservoir temperature of 45ºC (Figure 1, bottom).
P roduction of CH4 occurs at a rate of 0.56 kg/s. Shown in Figure
1 are results for k = 10- 1 4 m2 (10 mD). As shown, cooling is
a p p roximately 8°C over a 100 m radius from the well after 15
years of injection, not enough to cause any concerns for
hydrates, freezing, or thermal stresses. The simulation study

showed that for a constant injection rate,
lower permeability causes larger ΔP a n d
c o r respondingly larger ΔT, owing to
Joule-Thomson cooling. We also con-
firmed that low-porosity allows more
heat to be provided by the matrix grains
to offset Joule-Thomson cooling.
T h e re f o re, the effects of permeability and
p o rosity may partially compensate,
although it appears the effect of perme-
ability is larger than the effect of poro s i t y.  

SIGNIFICANCE OF FINDINGS
Joule-Thomson cooling during con-

stant-rate CO2 injection is larger for lower
permeability reservoirs and higher poros-
ity reservoirs. The simulation re s u l t s
show that Joule-Thomson cooling is a
minor effect (<4°C) for low-injection rates
and for permeabilities in the range
expected in the Sacramento Va l l e y.
Overall, the conclusion from this study is
that Joule-Thomson cooling is not expect-
ed to be a significant obstacle to success-
ful CO2 storage in depleted or depleting
gas reservoirs.  

RELATED PUBLICATIONS
Oldenburg, C.M., Joule-Thomson cooling due to CO2 injection

into natural gas reservoirs. LBNL-60158. Energ y
Conversion and Management, 48, 1808–1815, 2007.

Oldenburg, C.M., G.J. Moridis, N. Spycher, and K. Pruess,
EOS7C Version 1.0: TOUGH2 module for carbon dioxide or
nitrogen in natural gas (methane) reservoirs. LBNL-56589,
March 2004.
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Figure 1.  Radial injection geometry (top), and
profiles (0-100 m) of pressure (P), temperature
(T), and CO2 mass fraction (XgCO2) (bottom)
at six different times for the case of radial
injection into a reservoir with permeability
equal to 1 x 10-14 m2 (10 mD). 
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RESEARCH OBJECTIVES
Numerical simulation plays a key role in evaluating the fea-

sibility of storing CO2 in geologic formations—identifying
favorable as well as unfavorable hydrogeologic conditions at
proposed storage sites, designing and analyzing tests, and
optimizing storage design. The purpose of this work was to
develop accurate and robust simulation capabilities, and to
make such capabilities available to the technical community.

APPROACH
The desired simulation capability was developed as an

enhancement of our existing multipurpose reservoir simulation
code TOUGH2. Building on a fluid property module EWASG for
m i x t u res of saline brine and CO2, and on previously developed
re s e a rch codes for CO2 storage, a new module ECO2N was
developed as an add-on to TO U G H 2 .

ACCOMPLISHMENTS
The new ECO2N module includes a compre h e n s i v e

description of the thermodynamics and thermophysical prop-
erties of H2O-NaCl-CO2 mixtures, one that reproduces fluid
properties largely within experimental error for the tempera-
ture, pressure, and salinity conditions of interest (10°C ≤ T ≤
110°C; P ≤ 600 bar; salinity up to full halite saturation). Flow
processes can be modeled isothermally or nonisothermally,
and phase conditions represented may include a single (aque-
ous or CO2-rich) phase, as well as two-phase mixtures. Fluid
phases may appear or disappear in the course of a simulation,
and solid salt may precipitate or dissolve. ECO2N uses newly
developed correlations that accurately predict the partitioning
of water and CO2 between immiscible brine and CO2-rich
phases. A detailed user’s guide was written that gives techni-
cal specifications of ECO2N, includes instructions for prepar-
ing input data, and provides illustrative applications to sever-
al sample problems, including problems that had been previ-
ously investigated in a code intercomparison study.

As an example, Figure 1 presents an application of
TOUGH2/ECO2N to a simplified version of the first industri-
al-scale CO2 aquifer storage project in the Norwegian sector of
the North Sea.

SIGNIFICANCE OF FINDINGS
The ECO2N module was released to the public through

DOE’s Energy Science and Technology Software Center
(ESTSC). It is available to licensees of TOUGH2 at no addition-
al charge, and has been quickly adopted by many groups in
academia and industry, both nationally and internationally.

RELATED PUBLICATIONS

Pruess, K., ECO2N: A TOUGH2 fluid property module for mix-
tures of water, NaCl, and CO2. LBNL-57592, Berkeley, CA,
June 2005.

Pruess K., and N. Spycher. ECO2N—A fluid property module
for the TOUGH2 code for studies of CO2 storage in saline
aquifers. Energy Conversion and Management, 48(6), pp.
1761–1767, doi:10.1016/j.enconman.2007.01.016, 2007.
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Figure 1. Application of ECO2N to a schematic model of CO2
injection into the Utsira formation at the Sleipner Vest field,
Norwegian sector of the North Sea. The top panel shows a verti-
cal 2-D section model featuring a sand-shale sequence. The bot-
tom panel shows a contour map of gas saturations after 2 years of
simulated CO2 injection.
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RESEARCH OBJECTIVES
This study is part of a collaborative research between

Berkeley Lab and Japanese organizations on the Matsushiro
Earthquake Swarm that occurred in central Japan in the mid-
1960s. During the five-year term of the swarm, between 1965 to
1970, approximately 60,000 earthquakes were felt, and ten mil-
lion tons of CO2-bearing water appeared at the ground surface,
flowing up through newly created surface ruptures. One part
of this research project, described herein, was to use coupled
reservoir-geomechanical modeling to understand the effects of
a deep high-pressure CO2 source on the initiation and propa-
gation of the fault ruptures that resulted in the Matsushiro
Earthquake Swarm. 

APPROACH 
The coupled CO2 fluid flow and geomechanical processes,

including fault motion and associated permeability changes,
were modeled using the TOUGH-FLAC coupled reservoir-geo-
mechanical simulator. A model for fault permeability changes
with fault reactivation was implemented into the TOUGH-
FLAC simulator. Then a series of two and three-dimensional
simulations were conducted to identify key parameters and
investigate possible causes and mechanisms behind the
Matsushiro Earthquake Swarm. 

ACCOMPLISHMENTS 
F i g u re 1 shows a three-dimensional model domain and the

results of fault-ru p t u re distribution associated with the
upwelling CO2. The geomechanical analysis explains the cause
of the Matsushiro Earthquake Swarm as overpre s s u re caused by
the upwelling CO2 fluid. The mechanisms of the earthquake are
attributed to shear failure initiated by reduced effective stress on
p re-existing fracture planes within and near the two main faults.
It is concluded that the in situ t h ree-dimensional stress regime, as
well as fault strength and permeability, are likely the most
important parameters that control the nucleation, pro p a g a t i o n ,
a r rest and occurrence of the earthquake swarm during its two
years of migration through the seismogenic crust. More o v e r, sur-
face deformation and increased seismicity were found to be pre-
cursors to the CO2 surface release, because these mechanical
responses were detected up to a year before any chemical
changes were measured at the ground surface. 

SIGNIFICANCE OF FINDINGS
The analysis of the Matsushiro Earthquake Swarm is an

example of how natural analogues can provide a greater
understanding of the factors controlling retention and leakage
of CO2. Specifically, it was demonstrated that geomechanical

modeling tools and monitoring approaches

available today can help improve our understanding and
quantifying of the factors leading to leakage of CO2. Such an
understanding will be needed to avoid selecting sites where
the probability of leakage is high, and to quantify leakage
should it occur.

RELATED PUBLICATION
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F i g u re 1. Coupled re s e r v o i r-geomechanical model domain
(upper) and results of calculated shear failure along the two inter-
secting faults. Consistent with field observations, the fault rupture
is initiated along the local Matsushiro fault and then extends along
the regional East Nagano Fault. 



RESEARCH OBJECTIVES
The objective of this research is to study factors affecting the

maximum sustainable injection pressure and the potential for
mechanical failure associated with deep underground injection
of carbon dioxide (CO2). Large-scale underground injection of
CO2 may involve a substantial increase in reservoir pressure,
which will induce mechanical stresses and deformations in and
around the injection reservoir. If reservoir pressure becomes
too large in the overlying caprock formations, new fractures or
faults may be created there or existing ones reactivated. This
could provide flow paths for CO2 to escape, thereby substan-
tially reducing the effectiveness of sequestration. 

APPROACH 
Using the TOUGH-FLAC coupled reservoir-geomechanical

simulator, we conducted a study of hydromechanical process-
es during injection of supercritical CO2 into deep brine forma-
tions. We investigated the possibility of rock-mechanical failure
in the form of hydraulic fracturing or shear slip reactivation of
existing faults. 

ACCOMPLISHMENTS 
We have analyzed mechanical stress changes and the

potential for mechanical failure associated with underground
injection of CO2. Figure 1 shows an example of simulation
results for CO2 injection into an injection zone overlain by sev-
eral aquifers and caprock units. In this case, a vertical fault
zone allowed for limited upward migration of the CO2 through
the two first caprock layers, affecting the potential for shear
failure in overlying units. One important conclusion from this
study is that the potential for mechanical failure, and the type
and orientation of failure, depends to a large extent on the ini-
tial stress field (stress regime). As such, the stress field should
be much more carefully measured and monitored than is typi-
cal in the current practice for oil and gas explorations.
Furthermore, the potential for mechanical failure should be
analyzed for the entire region affected by mechanical stress
changes, which is generally more extensive than the region of
fluid pressure change at depth.

SIGNIFICANCE OF FINDINGS
Results from this study may be important input when develop-

ing possible guidelines for site investigations and for estimating

maximum sustainable injection pre s s u re at a geological CO2 i n j e c-
tion site. For example, potential mechanical failure at shallow lev-
els above the injection zone may need to be assessed.

RELATED PUBLICATIONS
Rutqvist J., J. Birkholzer , F. Cappa , and C.F. Tsang, Estimating

maximum sustainable injection pressure during geological
sequestration of CO2 using coupled fluid flow and geome-
chanical fault-slip analysis. Energy Conversion and
Management 48(6), 1798–1807, 2007. 
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systems. Int. J. Rock Mech. & Min. Sci., 45(1), 132-142, 2007.

ACKNOWLEDGMENTS
This work was conducted with funding from the U.S.

Environmental Protection Agency, Office of Water and Office of
Air and Radiation, under an Interagency Agreement with the
U.S. Department of Energy at the Lawrence Berkeley National
Laboratory, and with funding from the Assistant Secretary for
Fossil Energy, Office of Coal and Power Systems, through the
National Energy Technologies Laboratory, under Department
of Energy Contract No. DE-AC02-05CH11231.

COUPLED RESERVOIR-GEOMECHANICAL ANALYSIS OF GEOMECHANICAL DAMAGE
ASSOCIATED WITH CO2 GEOLOGIC STORAGE

Jonny Rutqvist, Jens Birkholzer, and Chin-Fu Tsang
Contact: Jonny Rutqvist, 510/486-5432, jrutqvist@lbl.gov

Earth Sciences Division
Berkeley Lab

Research Summaries
2006-2007

14

Figure 1. Migration of CO2 (blue contour line) and potential for
shear failure (gray scale contours) after 30 years of injection into
an injection zone overlain by multiple caprock layers. In this case,
the stress regime is compressional, i.e., the horizontal stress is
higher than the vertical. 
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RESEARCH OBJECTIVES
This work is motivated by the growing interest in injecting

carbon dioxide into deep geologic formations as a means of
avoiding its atmospheric emissions and consequent contribu-
tion to global warming. One of the key questions regarding the
feasibility of this technology is the potential rate of leakage out
of the primary storage formation. Here, we perform a model-
based study and theoretical prediction of evolution of a gas
plume in an aquifer flowing upward under buoyancy.

APPROACH 
We seek simple analytical solutions in a model of two-

phase flow of supercritical gas and brine. We focus on the role
of interactions among buoyancy, viscous, and capillary forces.
To achieve this objective, we assume homogeneous formation
and neglect the heat and chemical transport and phase change
processes. We consider vertical countercurrent flow, which
takes place in the central part of a laterally spread plume or in
a permeable fault.  

ACCOMPLISHMENTS 
Our principal finding is that the evolution of the saturation

p rofile of a moving plume can be described as a sequence of trav-
eling and rarefaction waves. Driven by buoyancy, the plume
p ropagates by stretching vertically upward, unlike a gas bubble
in water. It has been established that the Darcy velocity of each
fluid reaches its maximum near the top of the original plume
location. This maximum-flow point is characterized by a constant
fluid saturation and does not move during evolution of the
plume. The fluid displacement mechanism above this location is
drainage, whereas below it, it is imbibition. The velocity of plume
p ropagation and the fluid saturation in the leading part of the
plume have been expressed through the properties of the forma-
tion and the fluids. The calculations suggest that the velocity of
p ropagation for a plume of supercritical carbon dioxide can be on
the order of tens of meters per year in an aquifer whose perme-
ability is on the order of 100 millidarcies (Figure 1).

SIGNIFICANCE OF FINDINGS 
Characterization of plume propagation is crucially impor-

tant for development of optimal injection technologies to max-
imize greenhouse gas trapping and sequestration. Possible
leakage of injected carbon dioxide to the surface could result in

health and safety concerns. Development of monitoring poli-
cies in the areas near gas storage sites will benefit from theoret-
ical estimates of plume propagation velocity.

RELATED PUBLICATIONS
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model of vertical gas migration. SPE paper 103156. In: 2006
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Figure 1.  Evolution of vertical water saturation profile. The origin,
z=0, is associated with the top of the plume.  The absolute perme-
ability of formation is 100 millidarcy.  The properties of the super-
critical gas and water correspond to a depth near 1 km.



RESEARCH OBJECTIVES
Carbon dioxide geologic sequestration in saline aquifers

involves very complex multiphase flow processes. Numerical
modeling can play an important role in evaluating the feasibil-
ity and reliability of CO2 disposal. However, modeling of these
processes in general requires fine spatial and temporal dis-
cretization, and also may require coverage of a large simulation
domain, all of which represent a large computational chal-
lenge. The objective of this study is to develop an efficient par-
allel simulator for these types of simulations.

APPROACH
The parallel simulation approach is based on the ECO2N

module of the TOUGH2 code. The parallel simulator retains all
the process-modeling capabilities of the original
TOUGH2/ECO2N and parallel computation features of
TOUGH2-MP. In this study, a domain decomposition approach
is adopted for model parallelization and MPI (message passing
interface) for parallel implementation. The code partitions the
simulation domain, defined by an unstructured grid, using a
partitioning algorithm from the METIS software package. In a
parallel simulation, each processor handles one portion of the
simulation domain for updating thermophysical properties,
assembling mass and energy-balance equations, solving linear
equation systems, and performing other local computations.
Local linear-equation systems are solved in parallel by multiple
processors with the Aztec linear solver package. The parallel
simulator has been built with efficient communication
schemes. 

ACCOMPLISHMENTS
An efficient parallel simulator for large-scale, long-term

C O2 geologic sequestration in saline aquifers has been devel-
oped. The parallel simulator is a three-dimensional, fully
implicit model that solves large, sparse linear systems arising
f rom discretization of the mass- and energy- balance equations
in porous and fractured media. The simulator provides a com-
p rehensive description of the thermodynamics and thermo-
physical properties of H2O - N a C l - C O2 m i x t u res, and models
single and/or two-phase isothermal or nonisothermal flow
p rocesses, two-phase mixtures, appearance or disappearance of
fluid phases, and salt precipitation or dissolution.

The code demonstrates excellent scalability. Test runs show
that a linear or super-linear speedup can be obtained on Linux
clusters as well as on supercomputers (See Figure 1). Because
the parallel simulator was developed from an existing mature
code, it inherits not only simulation functions from the original

code, but also all other features, including input/output format,
e r ror handling, and improvements for code stability. These fea-
t u res provide robustness for the parallel code and ease of use
for the user community of the original code. 

SIGNIFICANCE OF FINDINGS 
The domain decomposition approach and parallel computa-

tion enhance model simulation capabilities, in terms of pro b l e m
size and complexity, to a level that cannot be reached by single-
CPU codes. By using the parallel simulator, multimillion grid-
block problems can be run on a typical Linux cluster with several
tens to hundreds of processors to achieve a ten to hundred times
i m p rovement in computational time or problem manageability.

RELATED PUBLICATION
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Figure 1. Speedups for the different parts of the parallel simula-
tions for CO2 convection investigation using a model with one
million gridblocks
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RESEARCH OBJECTIVES
The objective of this study is to develop a system-level

model that has the capability to evaluate the economic and
environmental impacts of geological CO2 storage under uncer-
tainty. This system model specifically evaluates the feasibility
of carbon sequestration with enhanced gas recovery (CSEGR)
in the Rio Vista region of California. Implemented within this
model are CO2 capture and separation, compression, pipeline
transportation to the storage site, and CO2 injection into and
methane out of a gas reservoir. The subsurface component of
the system is calculated based on simulations from a detailed
process model of the gas reservoir.

APPROACH 
A top-down method is used to build a hierarchical model for

the studied CSEGR system. First, CSEGR subsystems are identi-
fied and connected to track CO2 and CH4 flows (Figure 1). Next,
components of each subsystem are identified and connected.
F i n a l l y, potential features, events and processes (FEPs) are iden-
tified, and corresponding feedbacks are incorporated within the
system. The level of detail increases at lower levels of the system
h i e r a rc h y. The advantage of this top-down method (over a bot-
tom-up method) is that processes in diff e rent sectors can be
p roperly coupled and their feedbacks properly considere d .

The system-level analysis is performed using GoldSim
( w w w.goldsim.com), a flexible probabilistic simulation platform.
The reservoir simulations are performed using EOS7C
( O l d e n b u rg et al., 2004), a TOUGH2 module for multicomponent
gas mixture s .

ACCOMPLISHMENTS 
We have developed a system-level model for analyzing

geological storage of CO2. Our system model includes detailed
reservoir simulations of CO2 injection, CH4 displacement and
production, and potential leakage through a fault or aban-
doned well. The associated environmental consequences are
evaluated. Using process simulation embedded in a system-
level model, the economic benefits of CO2 sequestration and
enhanced gas recovery can be directly weighed against the
costs of CO2 injection.

SIGNIFICANCE OF FINDINGS 
T h e re is much re s e a rch effort being conducted to impro v e

understanding of factors affecting particular aspects of geological
C O2 storage (such as storage performance, storage capacity, and
health, safety, and environmental [HSE] impacts), as well as to
lower the cost of CO2 c a p t u re and related processes. However,
t h e re has been less emphasis to date on system-level analyses of

geologic CO2 storage that consider geologic, economic, and envi-
ronmental issues by linking detailed process models to re p re s e n-
tations of engineering components and associated economic mod-
els. This study provides a framework/capability for feasibility
evaluations on geological CO2 storage under uncertainty, and can
be extended to other waste management operations.

RELATED PUBLICATION
Zhang, Y., C.M. Oldenburg, S. Finsterle, and G.S. Bodvarsson,

System-level modeling for economic evaluation of geologi-
cal CO2 storage in gas reservoirs. Energy Conservation and
Management, 48, 1827-1833, doi:10.1016/j.enconman.2007.
01.018, 2007.

ACKNOWLEDGMENTS
This work was supported, in part, by the West Coast

Regional Carbon Sequestration Partnership (WESTCARB)
through the Assistant Secretary for Fossil Energy, Office of Coal
and Power Systems, National Energy Technology Laboratory,
and by Lawrence Berkeley National Laboratory under
Department of Energy Contract No. DE-AC02-05CH11231.

SYSTEM-LEVEL MODELING FOR ECONOMIC EVALUATION OF
GEOLOGIC CO2 STORAGE IN GAS RESERVOIRS

Yingqi Zhang, Curtis M. Oldenburg, Stefan Finsterle, and Gudmundur S. Bodvarsson
Contact: Yingqi Zhang, 495-2983, yqzhang@lbl.gov

Earth Sciences Division
Berkeley Lab

Research Summaries
2006-2007

17

Figure 1. Schematic of CSEGR system-level model, showing sys-
tem components that are connected by carbon flow.
Environmental and economic impacts are assessed in a feasibility
evaluation.



Geological isolation of spent nuclear fuels and high-level
radioactive waste is currently the preferred means of disposal
for many countries worldwide. The role of ESD's Nuclear
Waste Program (NWP) is to assist the U.S. Department of
Energy, the United States, and other countries in achieving the
safe disposal of high-level radioactive waste—by means of
high-quality scientific analyses that encompass modeling, lab-
oratory and field experiments, and technology development.
Research within NWP focuses on flow and transport, as ther-
mally driven hydrological, chemical, and mechanical coupled
processes. Many of the studies within NWP relate to Yucca
Mountain, the proposed site for the permanent storage of high-
level nuclear waste in the USA; although NWP has also collab-
orated on nuclear-waste disposal issues with countries such as
Japan, Finland, Switzerland, Spain, Sweden, and China. 

The geologic repository program in the United States is at a
point where the Department of Energy (DOE) is close to com-
pleting the license application for repository construction at
Yucca Mountain to the Nuclear Regulatory Commission
(scheduled for June 2008. The safe performance of a high-level
nuclear waste repository hinges on the multiple-barrier con-
cept—namely, that the natural system and the engineered sys-
tem would each contribute significantly to prevent radionu-
clides from leaving the repository and entering the biosphere.
The proposed repository at Yucca Mountain, consisting prima-
rily of fractured volcanic tuffs that vary in degree of welding,
will be located about 350 m below ground surface within a
thick unsaturated zone (UZ) above the water table. Over the
last decade, NWP's work at Yucca Mountain consists of site
characterization studies aimed at understanding the barrier
function of the UZ, through field testing in an underground
facility, an 8 km long underground tunnel known as the
Exploratory Studies Facility (ESF). Complex numerical models
have also been developed to simulate and understand the rele-
vant processes related to multiphase, nonisothermal flow and
transport through the UZ. Some of the key questions addressed
by NWP scientists include:

• How much water percolates through the UZ to the repos-
itory at Yucca Mountain?

• What fraction of the water flows in fractures and what
fraction flows through the rock matrix blocks?

• How much of this water will seep into the emplacement
drifts (tunnels)?

• How will the radionuclide migration from the repository
to the water table be retarded?

• How will coupled TH (thermal-hydrological), THC (ther-
mal-hydrological-chemical), and THM (thermal-hydro-
logical-mechanical) processes affect flow and transport?
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NWP scientists have also conducted studies as part of the
Science and Technology (S&T) Program within the DOE Office
of Civilian Radioactive Waste Management (OCRW M ) .
Distinct from, but in parallel to, the licensing effort at Yucca
Mountain, the role of the Science and Technology program is to
advance technologies not previously considered, to identify
new or substantially revised scientific methods or tools that
would provide a better understanding of the repository envi-
ronment. 

LBNL ESD is the Lead for the Natural Barriers Thrust with-
in the S&T Program. The goal for the Natural Barriers Thrust is
to focus on research that would provide the essential scientific
basis and demonstration of large contributions to repository
performance by the unsaturated and saturated volcanic rocks
at Yucca Mountain. The enhanced understanding of the differ-
ent processes in the natural system would lead to reduction of
uncertainty and obviate the need for overconservatism. NWP
scientists are conducting studies pertaining to 

• In-drift processes, integrating thermal-hydrologic-chem-
ical-transport (THCM) models that simultaneously con-
sider source term, corrosion, and the hydrological-chem-
ical environment around waste package processes and
conditions—and synthesize these complex pro c e s s e s
into transparent, realistic, and defensible process models

• Near-drift process, such as laboratory, field, and ana-
logue studies to confirm the drift shadow concept, and
the fact that it will lead to a large delay and sorption of
radionuclides in the near-drift region

• Processes and conditions that will retard or mitigate flow
and transport through the unsaturated and saturated
volcanic rocks

FUNDING
Funding for research in the Nuclear Waste Program comes

primarily from the Department of Energy, through the Director
of the Office of Civilian Radioactive Waste Management.
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RESEARCH OBJECTIVES
DECOVALEX-THMC is an international cooperative proj-

ect managed by SKI, the Swedish Nuclear Power Inspectorate.
The general goal is to encourage collaborative research on
modeling coupled thermal-hydrological-mechanical-chemical
(THMC) processes in geologic formations in support of the per-
formance assessment for underground storage of radioactive
waste. One of the ongoing research tasks within this project,
initiated in 2004 by the U.S. Department of Energy (DOE),
addresses the long-term impact of geomechanical and geo-
chemical processes on flow conditions near waste emplace-
ment drifts. The objective of this task is to (a) develop new
insights into such processes and (b) to provide valuable peer-
review of the respective models and their prediction results.

APPROACH 
The four research teams (from China, Germany, Japan, and

USA) participating in DOE’s task within the DECOVALEX-
THMC project were asked to conduct predictive analysis of the
long-term coupled processes in generic repositories with sim-
plified conditions and geometry. Participating research teams
model the THMC processes in the fractured rock close to a rep-
resentative emplacement drift as a function of time, predict
long-term changes in hydrological properties, and evaluate the
impact on near-field flow and transport processes. Two gener-
ic repositories situated in different host rock types and featur-
ing different emplacement conditions are analyzed for compar-
ison. One is a simplified repository model of the United States’

Yucca Mountain site, a deep unsaturated vol-
canic rock formation with emplacement in
open gas-filled drifts. The second repository

model is “located” in saturated crystalline rock, with emplace-
ment drifts backfilled using a low-permeability buffer material
such as bentonite (a concept considered in many European
countries and in Japan). 

ACCOMPLISHMENTS 
As shown in Table 1, the research teams use different codes

with different model approaches and characteristics. Since all
teams simulate the same task configuration, research results
from the participating teams can be directly compared. To date,
good progress has been made in both model development and
application. Comparison of geomechanical results indicates
good overall agreement with respect to temperatures, stresses,
and various hydrological parameters, despite the fact that dif-
f e rent model approaches were used. Geochemical models
show good quantitative agreement regarding aqueous species
concentrations, while some differences with respect to mineral
alterations still need to be worked out. 

SIGNIFICANCE OF FINDINGS
The collaborative re s e a rch conducted by international

teams helps to develop a broader understanding of the com-
plex THMC processes occurring near geologic repositories for
radioactive waste. Good agreement between simulation results
obtained with different model approaches provides enhanced
confidence in their predictive capabilities when applied, for
example, to the proposed Yucca Mountain repository.

RELATED PUBLICATIONS
B i r k h o l z e r, J., D. Barr, J. Rutqvist, and E.L. Sonnenthal,  Motivation,

description, and summary status of geomechanical and geo-
chemical modeling studies in Task D of the International DECO-
VALEX Project. Proceedings, Geoproc 2006, China, May 2006.

Rutqvist, J., J. Birkholzer, M. Chijimatsu, O. Kolditz, Q. Liu, Y. Oda,
W. Wang, and C. Zhang, Comparative simulation study on cou-
pled THM processes near back-filled and open-drift nuclear
waste repositories in Task D of the International DECOVA L E X
P roject. Proceedings Geoproc 2006, China, May 2006. 

Xie, M., E.L. Sonnenthal, W. Wang, O. Kolditz, J. Birkholzer, Y.
Oda, and M. Chijimatsu, Geochemical predictions for a
hypothetic repository located in saturated crystalline
rock—Comparative evaluation of two different research
teams. Proceedings Geoproc 2006, China, May 2006. 
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Table 1. Research teams and simulators applied within DOE’s
DECOVALEX-THMC task.
Research Team Simulator Coupling Mechanical/Chemical Model Hydraulic and Transport Model

DOE/LBNL TOUGH-FLAC THM Elastic, Elastoplastic, Discrete, single or dual continuum;
Viscoplastic multiphase liquid and gas flow

DOE/LBNL ROCMAS THM Elastic, Elastoplastic, Discrete or single continuum;
Viscoplastic unsaturated liquid flow;

thermal vapor diffusion
BGR/Center Geosys/Rockflow THM Elastic, Elastoplastic, Discrete or single continuum;
for Applied Viscoplastic unsaturated liquid flow;

Geosciences thermal vapor diffusion
(Germany)

CAS, Chinese FRT-THM THM Elastic, Elastoplastic, Discrete or single continuum;
Academy Viscoplastic unsaturated liquid flow;

of Sciences thermal vapor diffusion
JAEA, Japan THAMES THM Elastic, Elastoplastic, Discrete or single continuum;

Atomic Energy Viscoplastic unsaturated liquid flow;
Agency thermal vapor diffusion

DOE/LBNL TOUGHREACT THC Equilibrium and kinetic Discrete, single or dual continuum;
mineral-water-gas reactions multiphase liquid and gas flow;

HKF activity model advection/ diffusion of
total concentrations (sequential)

BGR/Center Geosys/Rockflow THC PHREEQC Discrete or single continuum;
for Applied with PHREEQC unsaturated liquid flow;

Geosciences thermal vapor diffusion;
(Germany) advection/diffusion of total

concentrations (sequential)
JAEA, Japan THAMES with THMC PHREEQC Discrete or single continuum;

Atomic Energy Dtransu-3D-EL unsaturated liquid flow;
Agency and PHREEQC thermal vapor diffusion;

advection/ diffusion of total
concentrations (sequential)



RESEARCH OBJECTIVES
Reliable prediction of fluid and solute movement in frac-

tured porous formations is of paramount importance in many
practical applications. Fracture networks and the surrounding
porous (and permeable) matrix are not hydraulically inde-
pendent domains—they interact by exchanging solutes at their
interface. Solute particles traveling on fast flow paths in the
fractures can be retarded by solute exchange with the porous
matrix, a diffusive or advective process depending on matrix
properties. These retardation effects are extremely difficult to
model in a classical transport framework. The objective of this
research is to apply the continuous-time random-walk (CTRW)
transport theory to the analysis of dual-permeability fractured
media, to characterize transport by means of probabilistic dis-
tributions of the solute retention times.

APPROACH 
In the CTRW approach, the interaction between the frac-

tured and porous rock domains is modeled by a transition time
probability distribution function (pdf), which characterizes the
retention time inside the fractured medium. In our research,
this approach is validated numerically through the analysis of
discrete numerical solutions of tracer transport in idealized
dual permeability fractured media. A numerical inversion pro-
cedure identifies the transition time pdf from the analysis of
the BTCs.

ACCOMPLISHMENTS 
We applied the CTRW analysis to a series of synthetic

breakthrough curves (BTC) obtained by means of a standard
finite element code, on a finely gridded 2-D geometry consist-
ing of a regular arrangement of fractures (oriented at a 45º
angle with respect to the direction of the mean flow) in a per-
meable porous domain (see Figure 1). By changing matrix per-
meability over a wide range (from representing rather perme-
able sandstone on one end of the spectrum to almost imperme-
able granites or shales on the other), we have considered vari-
ous fracture-to-matrix permeability contrasts, which reflect
typical values of densely fractured geological formations. 

SIGNIFICANCE OF FINDINGS 
Our results indicate that a CTRW analysis can completely

characterize transport in dual-permeability fractured media by
means of a probabilistic distribution function (pdf) of solute
retention times. The pdf can be obtained from an analysis of the

m a c roscopic (experimental) BTCs and contains all the necessary
information for predicting the solute behavior at diff e rent times
and sections. In the CTRW model, the transport velocity can be
estimated from the composite porosity of the dual permeability
medium. Furthermore, the classical dispersivity parameter, an
essential component of any advection-dispersion based model,
does not scale with the distance of the observation, but rather
stays constant and relatively small. These findings indicate the
C T RW method is an important and valuable alternative to more
complex model approaches for fractured porous formations,
such as discrete models or dual-permeability formulations.

RELATED PUBLICATIONS
Cortis, A., Peclet-dependent memory kernels for transport in

heterogeneous media. Phys Rev. E, 2007 (submitted).
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Figure 1. (a) Fractured domain under study (b) Discrete finite-ele-
ment solute-transport simulations for a permeability contrast of
approximately 12,000. (c) Breakthrough curves at four different
sections. Discrete simulations are solid lines; CTRW predictions
are circles; advection dispersion equation (ADE) predictions are
dashed lines. (d) Probabilistic distribution of the solute residence
times from CTRW analysis (red line), and comparison with the
decaying exponential distribution (ADE model).
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RESEARCH OBJECTIVES
The primary objective of this analogue study is to evaluate

flow and transport processes of relevance to the proposed
Yucca Mountain repository.  Seepage data obtained from this
study will be used to constrain flow and transport models
being developed for the Nopal I system.

APPROACH
A water collection system, consisting of 240 separate 30 cm 

× 30 cm compartments that are each connected to a 125 mL bot-
tle, was installed in April 2005 within the +00 m adit of the
Nopal I mine, to collect water that had infiltrated from the +10
m level and seeped into the adit.  This system was upgraded in
November 2005, when instrumentation was added to six col-
lector sites to measure seepage rates continuously. An automat-
ed weather station was installed at the site in March 2006 to
permit correlation of local precipitation events with seepage.

ACCOMPLISHMENTS
Rainfall in central Chihuahua is seasonal, with most precip-

itation occurring during the summer monsoon period. Initial
modeling of infiltration and seepage through a series of planar,
vertical fractures was conducted to evaluate flow transit times
and seepage rates (Ghezzehei et al., 2006). Using a range of
fracture apertures and frequencies, and assuming no fracture-
matrix interaction, infiltration through the 8 m high vertical

fracture system and seepage into the adit was predicted to
occur within 24 hours after a 6-hour rainfall event.

Monitoring of seepage within the adit between April 2005
and December 2006 indicates that seepage is highly heteroge-
neous in both time and space. Within the back adit area, there
are a few zones where large volumes of water have been col-
lected. These large volume seepage events (Figure 1) are linked
to fast flow path fractures (<4 h transit times) and are associat-
ed with heavy rainfall (>25 mm). In most locations, however,
there is a significant (1–6 month) time lag between major pre-
cipitation events and seepage within the adit, with longer
water residence times observed for the front adit area.

SIGNIFICANCE OF FINDINGS
The wide variability in the location, timing, and amount of

seepage occurring within the Nopal I adit suggests that a number
of fast-flow fracture pathways are active immediately after larg e
rainfall events. Flow focusing along these pathways may explain
the heterogeneous seepage distribution. However, delayed seep-
age observed in many locations within the adit indicate that even
a relatively thin (8 m) rock mass can exert a noticeable damping
e ffect on infiltration, and that flow and transport models must
incorporate fracture flow hetero g e n e i t y. The initial results of this
work are consistent with the fast-flow-path model postulated for
Yucca Mountain.

RELATED PUBLICATIONS
Ghezzehei, T.A., P. F. Dobson, J.A. Rodriguez, and P.J. Cook,

Infiltration and seepage through fractured welded tuff. 2006
International High Level Radioactive Waste Management
C o n f e rence, April 30–May 4, 2006, Las Vegas, NV, A m e r i c a n
Nuclear Society, La Grange Park, IL, pp. 105–110, 2006.
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Figure 1. Cumulative rainfall and seepage amounts for instru-
mented collectors from Nopal I +00 m adit.



RESEARCH OBJECTIVES
It is quite challenging to build a re l i-

able model for simulating gro u n d w a t e r
flow in a large body of rock mass, particu-
larly when the rock is fractured. Larg e -
scale groundwater flow models are typi-
cally calibrated to the steady-state pre s-
s u re head data. However, steady-state
head data alone are not sufficient for
building a reliable predictive model. The
overall objective of this project is to devel-
op methodologies for reducing the uncer-
tainty and increasing the reliability of
such a model. In the present work, we
develop a strategy for characterizing a
new site where a minimal number of wells
a re available. 

APPROACH
We begin with a 9 km × 9 km × 2 km

thick effective continuum model of the
f r a c t u red rock of the Tono, Japan, are a
developed from regional geographic, geo-
logic, geophysical, and surface and subsur-
face hydrological data. The model is cali-
brated simultaneously to data from 17
wells: steady-state head profiles in 11 wells,
21 pre s s u re transients from 8 wells, and
steady-state temperature profiles in 11
wells, which constrain the porosity and
permeability of the granitic rock, overlying
sediments, and a major subvertical fault
that bisects the model. Also so constrained
a re the amount of surface infiltration that
re c h a rges the deep groundwater flow system and the lateral
boundary conditions of the model. The resulting model is consid-
e red the best model possible of the Tono region, since it utilizes the
full set of available data. 

Next, we consider data from various subsets of these 17 wells
and compare performance measures obtained from the re s u l t i n g
models to those of the best model, to investigate how many wells to
use and how to optimally locate wells for a preliminary site charac-
terization. A d d i t i o n a l l y, some of the key assumptions re g a rd i n g
model heterogeneity and boundary conditions are examined to
assess the impact they have on recommended well locations.   

ACCOMPLISHMENTS
We find that, for the most part, our understanding of the

regional groundwater flow and advective tracer transport does
not improve significantly as more and more wells are used for site

characterization. This is because these
m e a s u res are controlled by surface topog-
r a p h y, surface and lateral boundary condi-
tions, and permeability and porosity distri-
butions, and the present property distribu-
tions have short correlations, hence using
one well for site characterization pro v i d e s
as much information about material pro p-
erties as using many wells does. 

On the other hand, observing head pro-
files in more wells increases the pro b a b i l i t y
that large-scale features that do impact
g roundwater flow (such as a fault) can be
identified. An additional caveat is that if
the permeability distribution has long-
range correlations, then a small number of
wells are not as likely to provide a re p re-
sentative sample of rock properties, nor a
t rue picture of the regional gro u n d w a t e r
f l o w.

SIGNIFICANCE OF FINDINGS
Lateral boundary conditions have a

large impact on all aspects of flow and
transport. If existing studies of topogra-
phy and regional groundwater flow do
not provide this information, wells
should be located near the presumed
upgradient and downgradient bound-
aries of the site, and head and tempera-
ture profiles should be examined for the
characteristics of closed and open
groundwater flow systems.

RELATED PUBLICATION
Karasaki, K., J. Apps, C. Doughty, H. Gwatney, C.T. Onishi,

R.C. Trautz, and C.F. Tsang, Feature Detection,
Characterization and Confirmation Methodology—Final
Report. NUMO-LBNL Collaborative Research Pro j e c t
Report, March 2007.
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Christine Doughty and Kenzi Karasaki
Contact: Kenzi Karasaki, 510/486-6759, KKarasaki@lbl.gov

4

Earth Sciences Division
Berkeley Lab

Research Summaries
2006-2007

Figure 1. Head (top) and temperature (bottom)
profiles at four hypothetical well locations
(different colors), for closed and open lateral
boundaries (different line styles). Profiles from
wells located near the boundaries are useful
for characterizing lateral boundary conditions.
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RESEARCH OBJECTIVES
In the study of flow and transport in the subsurface, knowledge

of flow zones and their hydraulic properties is essential. Coring and
geophysical methods in boreholes drilled deep into the rock may be
able to identify the fractures themselves, but they are unlikely to pro-
vide information on fracture flow properties. Straddle-packer
pump-testing yields fracture flow properties, but is very time-con-
suming. Flow-logging techniques are an attractive alternative—they
a re sensitive to fracture flow and are
e fficient to deploy in the field. 

The flowing fluid-electric-con-
ductivity (FFEC) logging method
provides information on the
depths, salinities, transmissivities,
and pre s s u re heads of individual
conductive features intercepted by
a borehole, without the need of spe-
cialized probes. The method has
been successfully applied to deep
b o reholes in granitic formations.
This summary presents the appli-
cation of the method to two zones
in a 1,000 m borehole in sedimenta-
ry rock at Horonobe, Japan. The
data sets involve a number of com-
plications, such as variable well
d i a m e t e r, free water table decline in
the well, periods of time with
unknown pumping rate, and
e ffects of drilling mud. Our objec-
tive is to determine whether the
method is robust enough to use
under these nonideal conditions.

APPROACH
The FFEC logging method involves the replacement of wellbore

water by de-ionized water, followed by pumping at a constant rate,
during which a series of fluid electric conductivity logs are taken. The
logs can be analyzed to identify depth locations of inflow, and evalu-
ate inflow rate and electric conductivity (salinity) of the fluid at each
inflow point. When the method is repeated with two or more pump-
ing rates, a combined analysis of the multi-rate data allows an eff i-
cient means of also determining transmissivity values of all inflow
points, as well as their inherent (so-called far-field) pre s s u re heads. 

For each of the two zones logged in the 1,000 m wellbore, thre e
sets of logs were collected using diff e rent pumping rates, each set
m e a s u red over a period of about one day (Figure 1). To analyze
the data, we apply various techniques that have been developed

for analyzing FFEC logs: direct-fitting, mass-
integral, and the multi-rate method mentioned
above. 

ACCOMPLISHMENTS
In spite of complications associated with the tests, analysis

of the data is able to identify 44 hydraulically conducting frac-
tures distributed over the depth interval 150–775 m below
ground surface with resolution of about 0.2 m. The salinities (in
FEC), and transmissivities and pressure heads (in dimension-
less form) of these 44 features are obtained and found to vary
significantly among one another. These results are compared

with data from eight packer tests
with packer intervals of 10–80 m,
which were conducted in this
b o rehole over the same depth
interval. They are found to be
consistent with these independ-
ent packer-test data, thus demon-
strating the robustness of the
FFEC logging method under non-
ideal conditions.

SIGNIFICANCE OF
FINDINGS

FFEC logging provides an eff i-
cient, aff o rdable means of charac-
terizing the hydraulically conduc-
tive features intersecting a bore-
hole, with high vertical re s o l u t i o n
and without the need of special-
ized probes. Such information is
valuable for characterization of
regional groundwater flow, design
of nuclear waste storage facilities,
remediation of subsurface contam-
ination, and a host of other pro b-

lems. More o v e r, it can be very useful in conjunction with other
subsurface site-characterization activities, such as providing high-
resolution monitoring during a tracer test, or providing gro u n d
t ruth at boreholes for crosshole geophysical imaging methods.

RELATED PUBLICATIONS
Doughty, C., C.-F. Tsang, K. Hatanaka, S. Yabuuchi and H.

Kurikami, Application of direct-fitting, mass-integral, and
multi-rate methods to analysis of flowing fluid electric con-
ductivity logs from Horonobe, Japan. LBNL-63307. Water
Resour. Res. (in press), July 2007.
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F i g u re 1. Sample of FFEC data, illustrating some of the complica-
tions: (a) Set of FFEC logs for a deep-zone test. Logs obtained 6, 7,
and 8 hours after pumping began are not consistent with other logs,
p robably owing to slime from drilling mud adhering to the pro b e ;
(b) Wa t e r-level data during logging. Red boxes identify times at
which logs were collected; open boxes indicate a problem with the
FFEC log; the black-outlined box was used as initial conditions for
model. A period of high, unknown pumping rate occurred early on,
causing a sudden water-level decline. There a f t e r, water- l e v e l
declined steadily, but at a decreasing rate. Only logs collected while
the decline is approximately linear (red line) are analyzed.



RESEARCH OBJECTIVES
The objective is to develop a semi-empirical model and

forecast average net infiltration rates, using the limited meteor-
ological data from analogue meteorological stations, for inter-
glacial (present-day), and future monsoon, glacial transition,
and glacial climates over the Yucca Mountain region.

APPROACH AND METHODS
Net infiltration, aridity, and precipitation-effectiveness (P-

E) indices were calculated using a modified Budyko’s water-
balance model, with reference surface potential evapotranspi-
ration determined from the radiation-based Penman formula.
The computed net infiltration rates were corroborated by com-
paring them with the empirically and numerically determined
groundwater recharge and percolation rates through the unsat-
urated zone from published data. 

ACCOMPLISHMENTS
Net infiltration rates are forecasted to generally increase

from the present-day climate to monsoon climate, to glacial
transition (intermediate) climate, and then to the glacial cli-
mate, following a power law relationship between net infiltra-
tion and precipitation. The forecasting results indicate the over-
lap between the ranges of net infiltration for different climates
(Figure 1). The calculated net infiltration rates have yielded a
good match with other field and modeling study results per-
taining to groundwater recharge and percolation flux through
the unsaturated zone at Yucca Mountain. This comparison
indicates the robustness of the simple water-balance approach
used in this study.

SIGNIFICANCE OF FINDINGS
Computed present-day and potential future net infiltration

can be used as a hydrologic parameter to assess the rate of deep
p e rcolation, groundwater re c h a rge, radionuclide transport,
and seepage into tunnels—all of which are, in turn, useful

parameters for the performance assessment of the proposed
nuclear waste repository at Yucca Mountain, Nevada.

RELATED PUBLICATION
Faybishenko, B., Climatic forecasting of net infiltration at Yucca

Mountain using analogue meteorological data. Va d o s e
Zone Journal, 6, 77–92, 2007.
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CLIMATIC FORECASTING OF NET INFILTRATION AT YUCCA MOUNTAIN
USING ANALOGUE METEOROLOGICAL DATA

Boris Faybishenko
510/486-4852, bafaybishenko@lbl.gov

Figure 1. Climatic ranking of ranges of forecast net infiltration for
different climates. Red dashed lines show the ranges of the perco-
lation flux from calculations using a Cl mass-balance model (solid
diamonds), calcite mass model (open diamonds), temperature
data (closed circles), and experts’ evaluation (solid triangles).
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RESEARCH OBJECTIVES
The decay heat outputs of the radioactive waste potentially

to be emplaced at Yucca Mountain will strongly affect the ther-
mal-hydrological (TH) conditions in and near the geologic
repository. This decay heat elevates drift temperatures above
ambient conditions. Pore formation water in the near-field rock
mass evaporates into the open air spaces of the drift and is
transported by natural convection processes from the hot drift
center to the cool drift end (where no waste is emplaced) and
condenses. Our goal is to better understand this reduction of
moisture content in the near-drift fractured rock and its role in
the potential reduction of  seepage into the drift.

APPROACH
A multiscale seepage modeling pro c e d u re was developed

that accounts for transport processes in and between the frac-
t u red rock mass and the open air drift, two distinct domains. To
fully account for 3-D effects, a first model (MF-T2) operates on a
scale that encompasses the entire drift plus surrounding ro c k
units. In MF-T2, the flow and transport processes in the ro c k
mass are simulated with the multiphase, multicomponent simu-
lator TOUGH2, and the in-drift heat and moisture flows are sim-
ulated with MULTIFLUX (MF), a lumped-parameter CFD
(Computational Fluid Dynamics) code (Danko et al., 2007). MF
p rovides an efficient iterative coupling technique for matching
the mass and heat transfer between the rock mass and the drift.

In addition, explicit modeling of the impact of
in-drift moisture transport on seepage is being

conducted with a separate high-resolution seepage model, with
model inputs (in-drift temperature and relative humidity) pro-
vided by the full drift-scale MF-T2 model.

ACCOMPLISHMENTS
The new solution procedure has been applied to evaluate

the heat-driven flow and transport processes in a representa-
tive emplacement drift at Yucca Mountain, embedded in a
monolithic, three-dimensional rock mass. Two alternative
approaches were tested to simulate in-drift natural convection:
(1) a lumped-parameter CFD dispersion model and (2) a model
explicitly simulating the air velocity distribution. Several itera-
tions were completed, re f reshing the MF results against
TOUGH2 runs, with both solution procedures showing excel-
lent convergence (Figure 1). Also, alternative results from a
simplified in-drift model within TOUGH2 are shown
(Birkholzer et al., 2006). High-resolution seepage model devel-
opment is ongoing, with preliminary results indicating that
strong natural convection processes can significantly reduce
the near-field fracture moisture content, thereby reducing the
seepage potential. 

SIGNIFICANCE OF FINDINGS
The difficult task of coupling CFD models with porous

media models, to understand moisture reduction in the near
drift, is undertaken with a unique and efficient approach.
Initial results from the coupled MF-T2 solution procedure
show good convergence between the two domains for a full
drift-scale representation. The ongoing efforts of applying
results from these simulations into a high-resolution seepage
model will allow for a better understanding of seepage reduc-
tion due to natural convection processes, thereby further char-
acterizing potentially beneficial repository behavior.

RELATED PUBLICATIONS
Birkholzer, J., S.W. Webb, N. Halecky, P.F. Peterson, and G.S.

Bodvarsson, Evaluating the moisture conditions in the frac-
tured rock at Yucca Mountain—The impact of natural con-
vection in heated emplacement drifts. Vadose Zone Journal,
5, 1172–1193, 2006.

Danko, G., D. Bahrami, and J.T. Birkholzer, The effect of
unheated sections on moisture transport in the emplace-
ment drift. Nuclear Technology (in press), 2007.

ACKNOWLEDGMENTS
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A MODELING STUDY ON NATURAL CONVECTION IN EMPLACEMENT DRIFTS
AND ITS IMPACT ON DRIFT SEEPAGE

N. Halecky, J. Birkholzer, G. Danko1, and D. Bahrami1; 1University of Nevada, Reno
Contact: Nicholaus Halecky, 510/486-5793, nehalecky@lbl.gov

Figure 1. Drift wall temperature evolution at the hottest (a) and
coldest (b) drift segments; and vapor-pressure evolution at the
hottest (c) and coldest (d) drift segments. 
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RESEARCH OBJECTIVES

The drift shadow is a region in the unsaturated zone
beneath an underground opening (such as a cave or mined tun-
nel) that is partially sheltered from downward-percolating
water, because the capillarity is not strong enough to draw
water into the rock immediately below the drift. Modeling
studies of the drift shadow suggest that transport in this region
is controlled by diffusive rather than by advective processes.
The drift shadow has not yet been observed in nature. Our
research objective is to demonstrate the presence (or absence)
of the drift shadow at a field location and compare our meas-
urements to predictions.

APPROACH
To identify a drift shadow, we must find an appropriate field

site where a drift shadow might be observed, obtain core samples
f rom locations at diff e rent depths around the opening, and make
m e a s u rements of water potential and water content that would
indicate the presence or absence of the drift shadow. In addition,
we would like to impose a water flux over a drift and observe its
flow behavior and possible drift shadow formation. We must also
c o m p a re our field results with modeling results of a detailed site-
specific model to gain confidence in modeling studies of the drift
s h a d o w.

ACCOMPLISHMENTS
We have performed extensive modeling to understand the

theoretical definition and extent of the drift shadow for various
sets of conditions. Based on our modeling, we selected and are
investigating the presence of the drift shadow in the East Bay
Regional Parks District Hazel-Atlas Mine, a former sand mine
in Northern California that is now operated as a museum. Our
study location, not currently in the museum, contains a drift-
over-drift configuration. We have retrieved core from core
holes fanning the two drifts, x-ray-scanned them looking for
density changes, and measured gravimetric moisture content
of subsamples of the core. We have performed ground-pene-
trating radar studies using the core holes to look for saturation
changes indicating the presence of a drift shadow and are con-
structing an active test to impose water flow around the lower
drift. 

SIGNIFICANCE OF FINDINGS
Demonstrating the presence of a drift shadow will provide

another line of evidence to build confidence in the theory of
flow and transport in unsaturated media and its numerical
extension. In addition, it will allow the consideration of signif-
icantly reduced transport from waste emplacement drifts at the
p roposed high-level nuclear waste repository at Yu c c a
Mountain, Nevada, in which waste packages are expected to be
placed in near-horizontal drifts in the unsaturated zone.

RELATED PUBLICATIONS

Ghezzehei, T.A., T.J. Kneafsey, and G.W. Su, Correspondence of
the Gardner and van Genuchten relative permeability func-
tion parameters. Water Resources Research (in press), 2007.

Houseworth, J.E., S.A. Finsterle, and G.S. Bodvarsson, Flow and
transport in the drift shadow in a dual-continuum model.
Journal of Contaminant Hydro l o g y, 62–63: 133–156, 2003.

A C K N O W L E D G E M E N T S

This work was supported by the Dire c t o r, Office of Civilian
Radioactive Waste Management, Office of the Chief Scientist, of
the U.S. Department of Energy (DOE) under
DOE Contract No. DE-AC02-05CH11231.

Figure 1. Schematic of boreholes and test setup. Green circle is the
core analysis and GPR, blue rectangle is the active test, red lines
are the continued GPR measurements.
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EXAMINING THE DRIFT SHADOW IN NATURE
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RESEARCH OBJECTIVES
To develop site-specific hydrological models, the joint

analysis of hydrological and geophysical data has the potential
to significantly improve the characterization of the subsurface,
and thus increase the reliability of model predictions. The merit
of any given data type depends on its usefulness in providing
quantitative information about flow and transport properties
(at a reasonable resolution). Since geophysical data offer valu-
able information on the subsurface structure, developing meth-
ods for integrating such data with hydrological data has the
potential to significantly advance site characterization in com-
plex, heterogeneous systems. 

The objective of this research is to develop a joint inversion
approach so that it can be applied to increasingly complex ther-
mal-hydrological processes. These processes include the trans-
port of water, water vapor, air and heat in fractured porous
media, the transitions between the liquid and gaseous phases,
and vapor-pressure lowering effects as a result of capillary
pressure increases. 

APPROACH 
The approach integrates the coupled simulation of thermal-

h y d rological and geophysical data—ground-penetrating radar
(GPR) data—within the iTOUGH2 optimization

framework to estimate (1) thermal-hydrological parameters (such
as permeability, poro s i t y, thermal conductivity, and parameters of
the capillary pre s s u re and relative permeability functions) that are
needed for predicting the flow of fluids and heat in fracture d
p o rous media; and (2) parameters of the petrophysical function
that relates water saturation, poro s i t y, and temperature to the
dielectric constant. 

ACCOMPLISHMENTS 
We applied the approach to a large-scale in situ heater test

that was conducted at Yucca Mountain, Nevada, to better
understand the coupled thermal, hydrological, mechanical,
and chemical processes that occur in the fractured rock mass
around a geologic repository for high-level radioactive waste.
We examined the sensitivity of the most relevant thermal-
hydrological and petrophysical parameters to the time-lapse
GPR data and thermal-hydrological data (temperature and
water content) collected before and during the four-year heat-
ing phase of the test. To demonstrate the feasibility of the
approach, and as a first step toward comprehensive inversion,
we applied the approach to estimate the permeability of the
rock matrix. 

SIGNIFICANCE OF FINDINGS 
Preliminary results indicate that estimation of thermal-

hydrological and petrophysical parameters is possible through
the combination of geophysical, hydrological, and thermal
measurements. The large-scale heater test provides a unique
data set to which our approach can be further applied and test-
ed. 

RELATED PUBLICATIONS
K o w a l s k y, M.B., J. Birkholzer, J. Peterson, S. Finsterle, S.

Mukhopadhyay, and Y. Tsang, Sensitivity analysis for joint
inversion of GPR and thermal-hydrological data from a
large-scale underground heater test. Nuclear Technology
(submitted), 2007.

Kowalsky, M., S. Finsterle, J. Peterson, S. Hubbard, Y. Rubin, E.
Majer, A. Ward, and G. Gee, Estimation of field-scale soil
hydraulic parameters and dielectric parameters through
joint inversion of GPR and hydrological data. Water Resour.
Res. 41, W11425, doi:10.1029/2005WR004237, 2005.
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SE N S I T I V I T Y AN A LY S I S F O R JO I N T IN V E R S I O N O F GR O U N D- PE N E T R AT I N G RA D A R A N D
TH E R M A L- HY D R O L O G I C A L DATA F R O M A LA R G E- SC A L E UN D E R G R O U N D HE AT E R TE S T

Michael B. Kowalsky, Jens Birkholzer, John E. Peterson, Stefan Finsterle, Sumit Mukhopadhyay, and Yvonne Tsang
Contact: Michael B. Kowalsky, 510/486-7314, mbkowalsky@lbl.gov

Figure 1. Thermal-hydrological model and measurement loca-
tions: (a) model grid; (b) locations of water content (measured by
neutron probes) and temperature measurements (indicated by
blue- and red-shaded gridblocks, respectively); and (c) locations
for ground-penetrating radar data used for inversion (green lines
connect transmitting and receiving antennas).
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RESEARCH OBJECTIVES
Matrix diffusion denotes the exchange of solute mass (thro u g h

molecular diffusion) between fluid in fractures and fluid in the ro c k
matrix. Owing to the orders-of-magnitude slower flow velocity in
the matrix compared to that in fractures, matrix diffusion can signif-
icantly affect solute transport in fractured rock, and there f o re is an
important process for a variety of problems, including re m e d i a t i o n
of subsurface contamination and geological disposal of nuclear
waste. The effective matrix diffusion coefficient is a key parameter
for describing this matrix diffusion process. Our previous studies
have indicated that the effective matrix diffusion coefficient values,
obtained from a large number of field tracer tests, are enhanced in
comparison with local values and increase with test scale. The
major objective of this study is to investigate the physical mecha-
nisms behind this scale dependence.

APPROACH
Numerical experiments were performed to evaluate the

effects of flow-path geometry in a fracture network (Liu et al.,
2007a). The focus of the experiments was on solute transport in
flow paths having geometries consistent with percolation theo-
ries and characterized by local flow loops formed mainly by
small-scale fractures. Values for effective transport parameters
were obtained by matching breakthrough curves from numer-
ical experiments with an analytical solution for solute transport
along a single fracture. To investigate the effects of property
heterogeneity on the rock matrix, we also derived analytical
expressions for the effective matrix-diffusion coefficient for
two idealized fracture-matrix systems: a single fracture system
associated with rock matrix heterogeneity along the water flow
direction in the fracture, and a multiple fracture system with
rock-matrix heterogeneity among different fractures (Liu et al.,
2007b). These analytical results allow for direct demonstrations
of relationships between the scale dependence and spatial vari-
ability of the rock-matrix diffusive properties. 

ACCOMPLISHMENTS
Our study indicates that the observed scale-dependence of

the effective matrix diffusion coefficient results from a combi-
nation of flow-path-geometry effects and the heterogeneity of
rock-matrix diffusive properties. Numerical experiment results
show that the matrix diffusion process associated with local

flow loops formed by small-scale (or high-level) fractures
(which is mostly ignored in current modeling practices) seems
to be an important mechanism in causing the observed scale
dependence (Figure 1). Our analytical results further demon-
strate that different-scale heterogeneities of the rock-matrix dif-
fusive properties also contribute to this scale dependence. 

SIGNIFICANCE OF FINDINGS
While the scale dependence of permeability and dispersiv-

ity has been an active research topic for many years, this study
shows that the effective matrix diffusion coefficient, an impor-
tant parameter controlling matrix diffusion processes, is also
scale dependent. This finding has many important implications
for problems involving matrix diffusion, including remedia-
tion of subsurface contamination in fractured rock and geolog-
ical disposal of nuclear waste. 

RELATED PUBLICATIONS
Liu, H.H., Y.Q. Zhang, Q. Zhou, and F. J. Molz, An interpreta-

tion of the potential scale dependence of the effective
matrix diffusion coefficient. LBNL-60744. Journal of
Contaminant Hydrology, 90(1–2), 41–57, 2007a. 

Liu, H.H., Y. Zhang and F. J. Molz, Scale dependence of effec-
tive matrix diffusion coefficient: Some analytical results.
LBNL-60746. Vadose Zone Journal (in press), 2007b. 
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Figure 1. Effective matrix diffusion as a combination of local-scale
advection and matrix diffusion in fractures at different scales.
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RESEARCH OBJECTIVES

In a recent publication (Mukhopadhyay et al., 2006), it was
demonstrated that the coupled thermal-hydrological-chemical
(THC) processes resulting from repository heating could alter
the hydrological properties of the rock, which might in turn
influence seepage into emplacement drifts. It was shown that
seepage could occur when the THC processes were included in
the predictive model, whereas none was predicted in the
absence of these THC processes. These observations, however,
were based on limited analysis: while heterogeneity in fracture
permeability was included in the model, the corresponding
heterogeneity in fracture capillarity (arising from the THC
processes) was not accounted for. In this study, the influence of
THC processes on seepage is investigated by accounting for
heterogeneities in both fracture permeability and capillarity.

APPROACH
A detailed description of the expected thermal-hydro l o g i c a l

(TH) and THC processes in the unsaturated near-field fracture d
rock can be found elsewhere (Mukhopadhyay et al., 2006;
Mukhopadhyay et al., 2007). In this study, TH and THC pro c e s s-
es are simulated with the TOUGHREACT reactive transport
numerical code. Ambient, TH, and THC simulations are per-
formed in a two-dimensional vertical model domain extending
f rom the ground surface to the water table. Heterogeneous frac-
t u re-permeability distributions are generated using measure d

a i r-permeability data from the host rock. Multiple realizations of
the heterogeneous fracture permeability distribution are includ-
ed in the simulations. Capillarity is allowed to change with
changes in porosity and permeability, according to the Levere t t
scaling law. The fractured rock is modeled as two separate but
interacting continua, one for the rock matrix and the other for
the fracture s .

ACCOMPLISHMENTS
No seepage was observed when the mean infiltration fluxes

expected at Yucca Mountain were used in the simulations. Figure
1 shows the amount of seepage from ambient, TH, and THC sim-
ulations, when ten times the mean infiltration fluxes were used.
After the thermal period is over, ambient seepage is predicted to
be the largest and THC seepage the least. This observation is con-
trary to the findings of Mukhopadhyay et al. (2006); capillarity
h e t e rogeneity was ignored in that study, resulting in overpre d i c-
tion of local flow channeling and seepage. 

SIGNIFICANCE OF FINDINGS
The observation that ambient seepage is larger than TH or

THC seepage means that, for the prediction of repository per-
formance, the seepage at all times, including the period when
the temperature is elevated above ambient temperature, can be
assumed to be ambient seepage. Further details can be found in
Mukhopadhyay et al. (2007).

RELATED PUBLICATIONS
Mukhopadhyay, S., E.L. Sonnenthal, E.L., and N. Spycher,

Modeling coupled thermal-hydrological-chemical process-
es in the unsaturated rock of Yucca Mountain, Nevada: het-
erogeneity and seepage. Physics and Chemistry of the
Earth, 31, 626–633, 2006.

Mukhopadhyay, S., N. Spycher, E.L. Sonnenthal, G. Zhang, and
S. Finsterle, THC sensitivity study of heterogeneous perme-
ability and capillarity effects. ANL-NBS-HS-000047 REV 01,
Sandia National Laboratory—Lead Laboratory, Las Vegas,
NV, 2007.
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Figure 1. Comparison of ambient, TH, and THC seepage

FEEDBACK OF COUPLED THERMAL-HYDROLOGICAL-CHEMICAL PROCESSES ON
SEEPAGE AT YUCCA MOUNTAIN, NEVADA: ROLE OF PERMEABILITY AND CAPILLARITY

HETEROGENEITY
Sumit Mukhopadhyay, Eric L. Sonnenthal, and Nicolas Spycher
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RESEARCH OBJECTIVES
A complex fracture model for fluid flow and tracer transport

was previously developed that incorporates all the important
physical effects of a complex fracture zone. These effects include
advection through a heterogeneous fracture plane, partitioning of
flow into multiple subfractures in the third dimension, diff u s i o n
and sorption into fracture-filling gouge, small altered rock matrix
blocks within the fracture zone, and the unaltered semi-infinite
rock matrix on both sides of the fracture zone (Tsang and
D o u g h t y, 2003).

It is common, however, to represent the complex fracture
by much simpler models consisting of a single fracture, with-
out subfractures and with only the unaltered semi-infinite rock
matrix for diffusion and sorption. The fracture may have a uni-
form (homogeneous) or heterogeneous transmissivity distribu-
tion over its plane, bounded on both sides by a homogeneous
semi-infinite matrix. The parameters of the simple model can
also be taken from laboratory data or calibration to short-term
site-characterization (SC) data. The question posed by the pres-
ent research is, how adequate are these simplified models for
long-term performance assessment (PA) calculations that cover
thousands of years?

APPROACH
We use a particle-tracking approach to calculate tracer trans-

port in a complex fracture model, incorporating all the feature s
described above, for a one-day SC tracer test and a 10,000-year PA
p rediction calculation. The results are considered the “re a l -
world.” Next, two simple fracture models, homogeneous and het-
e rogeneous, are introduced. Properties for these simple models
a re taken either from laboratory data or found by calibration to
one-day SC tracer-test bre a k t h rough curves (BTC) obtained with
the complex fracture model. Then, the simple models are used to
simulate tracer transport at the PA time scale.  

ACCOMPLISHMENTS
First, the results from laboratory-measured parameters are

compared with those when data from the one-day SC tracer
tests are used. The BTCs from the two cases are quite different,
but by adjusting model properties, the simple models can
reproduce peak arrival time and height. The overall match,
however, is still poor (left frame of Figure 1).

Second, using simple models with SC-calibrated parame-
ters for PA calculations causes order-of-magnitude errors in

tracer BTCs: peak arrival time is 10 to 100 times too late and
peak height is 100 to 1,000 times too small (right frame of
Figure 1). On the other hand, using simple models with labora-
tory-measured properties of unfractured rock samples for PA
calculations also produces erroneous results: peak arrivals and
heights can be up to a factor of ten too early and high, respec-
tively (right frame of figure). These are not general conclusions,
since they depend on the parameter values assumed for the
complex fracture model, and thus are more illustrative in
nature, indicating the need for careful consideration.

SIGNIFICANCE OF FINDINGS
If a simple heterogeneous or homogeneous fracture model

is used to predict tracer transport for a complex fracture at PA
time scale, large errors may arise no matter what method is
used to determine model properties. A remedy may be to
determine properties by calibration to longer-term tracer tests
(one to a few months rather than one to a few days), which will
be sensitive to the detailed complex fracture features. A paper
describing this work is in preparation.  

RELATED PUBLICATIONS
Tsang, C.-F. and C. Doughty, A particle-tracking approach to

simulating transport in a complex fracture. Water Resour.
Res., 39(7), 1174, doi:10.1029/2002WR001614, 2003.
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SIMPLE MODEL REPRESENTATIONS OF TRANSPORT IN A COMPLEX FRACTURE
AND THEIR USE IN LONG-TERM PREDICTIONS

Chin-Fu Tsang and Christine Doughty
Contact Mail: cftsang@lbl.gov or cadoughty@lbl.gov

Figure 1. Tracer BTC for complex fracture model and simple frac-
ture models with a single heterogeneous fracture.  Left: short-term
SC time scale. Right: long-term PA time scale.
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RESEARCH OBJECTIVES
F r a c t u re permeability is a key parameter for flow and trans-

port simulations using dual-continuum approaches. However,
how to properly estimate fracture permeability at large spatial
scales is still a challenging task. The large-scale model parameters
for fractures are in general more difficult to measure at the site
than those for the rock matrix. The main objective of this study is
to develop an approach for estimating large-scale fracture perme-
a b i l i t y, using the changes in subsurface pneumatic pre s s u re in
response to barometric pre s s u re changes at the land surface. 

APPROACH
L a rge-scale fracture permeabilities for the Yucca Mountain

site are estimated through a comprehensive modeling effort by
using pneumatic data measured from boreholes at the site. The
modeling approach, built on a three-dimensional (3-D) moun-
tain-scale unsaturated zone (UZ) flow model, incorporates pneu-
matic data into a modeling analysis of two-phase liquid and gas
flow under ambient geothermal conditions. The gas-flow model-
ing studies are performed under present-day infiltration condi-
tions using the site-specific geological model and characteriza-
tion data. Calibration of model-predicted gas pre s s u res against
f i e l d - m e a s u red pneumatic data leads to a methodology for esti-
mating fracture permeability in the unsaturated fractured ro c k .

ACCOMPLISHMENTS
A t h ree-dimensional model of gas flow in the unsaturated

f r a c t u red rock of Yucca Mountain has been developed. Larg e -
scale fracture permeabilities of the site have been calculated
t h rough model calibration. This calibration was done thro u g h
comparing gas-flow simulation results with the measured pneu-
matic data from underg round boreholes. Fracture permeabilities,
initially estimated by small-scale air-injection testing and 1-D
model inversion, were adjusted to obtain an overall good match
between the 3-D model predictions and pneumatic data (see
F i g u re 1). The ability to match field pneumatic data observed
f rom multiple sources, including pneumatic data over a long
time, indicates the reliability of the numerical model in describ-
ing air and water flow processes within the Yucca Mountain UZ
system, through better estimates of fracture flow pro p e r t i e s .

SIGNIFICANCE OF FINDINGS 
The results of this study indicate that using field-measured

pneumatic data, in combination with numerical modeling
analyses, provides a practical and powerful technique for esti-
mating flow properties of vadose zone formations. Periodic
responses of subsurface gas-pressure signals to surface baro-
metric-pressure changes, which are easy to measure, may
reveal invaluable information on gas mobility in unsaturated
porous media. In addition, this work demonstrates that multi-
dimensional effects on model-estimated permeability are sig-
nificant when determining fracture permeability in heteroge-
neous fractured media. These effects can be captured only by
3-D modeling analyses on relevant model scales. 

RELATED PUBLICATIONS
Wu, Yu-Shu, Keni Zhang, and Hui-Hai Liu, Estimating large-

scale fracture permeability of unsaturated rock using baro-
metric pressure data. LBNL-57614. Vadose Zone Journal, 5,
1129–1142, 2006.
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ESTIMATING THE LARGE-SCALE FRACTURE PERMEABILITY OF
UNSATURATED ROCK USING BAROMETRIC PRESSURE DATA

Yu-Shu Wu, Keni Zhang, and Hui-hai Liu
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Figure 1. Comparison of simulated and observed gas pressures at
borehole UZ-7a over a 60-day period, with 3-D model calibration.
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RESEARCH OBJECTIVES
Characterizing percolation patterns in unsaturated fracture d

rock poses a significant challenge to modeling investigations,
because of the heterogeneous nature of unsaturated media and
the many variables impacting unsaturated flow. The primary
objective of this work is to quantitatively characterize perc o l a t i o n
patterns in the fractured rock of the unsaturated zone (UZ) of
Yucca Mountain, using an integrated modeling methodology. 

APPROACH
The integrated modeling approach combines a wide variety

of field data into a comprehensive three-dimensional numeri-
cal model for flow pattern analyses. It takes into account the
coupled processes of fluid and heat flow and chemical isotopic
transport in Yucca Mountain’s highly heterogeneous, unsatu-
rated fractured tuffs. The fractured rocks are represented by a
dual-permeability media. The main activities of study include
(1) UZ model description; (2) model calibration using pneu-
matic, moisture, and geochemical data; (3) simulated percola-
tion pattern analysis; and (4) assessment of percolation pat-
terns and flow behavior using thermal and geochemical data. 

ACCOMPLISHMENTS
An integrated modeling approach was used in a larg e - s c a l e

field study characterizing percolation patterns in the UZ of Yu c c a
Mountain, The developed model integrated diff e rent field-
observed data, such as moisture, gas pre s s u re, chloride, and tem-
p e r a t u re data, into one single 3-D UZ flow and transport model.
This combined model calibration provided a consistent cro s s -
check or verification of model results, as well as better insight into
UZ flow patterns. The integrated modeling effort also pro v i d e d
consistent model predictions for diff e rent but interrelated hydro-
logical, pneumatic, geochemical, and geothermal processes. Most
i m p o r t a n t l y, such an integrated approach improved the capabili-
ty and credibility of numerical models in characterizing subsur-
face flow and transport processes. 

The important findings from this study were: (1) at Yu c c a
Mountain, water may not flow directly downward in a thick, het-
e rogeneous unsaturated zone, but rather may be diverted laterally
t o w a rds the east, along the sloping layers, and focused into major
faults; and (2) lateral flow diversion occurs mainly at the Calico
Hills formation (CHn), the stratigraphic unit below the re p o s i t o r y
horizon, resulting from the presence of perched water or thick low-
permeability layers. Under the current hydrogeological conceptual-
ization, faults act as major flow paths through the CHn or below the
repository horizon. In addition, the modeled percolation fluxes
show that fracture flow is dominant in the welded tuff, both at the
repository horizon and at the water table, while the matrix carries
the majority of water percolation through the nonwelded tuff .
F i g u re 1 shows the simulated flux distribution at the re p o s i t o r y
horizon. 

SIGNIFICANCE OF FINDINGS 
The integrated modeling approach provides a practical

modeling tool for characterizing flow and transport processes
in complex subsurface systems and results in better under-
standing of percolation patterns and flow behavior through the
Yucca Mountain UZ. 

RELATED PUBLICATIONS
Wu, Y.-S., G. Lu, K. Zhang, L. Pan, and G. S. Bodvarsson,

Analyzing unsaturated flow patterns in fractured rock
using an integrated modeling approach. LBNL-54006.
Hydrogeology Journal, 15, 553–572, 2007.
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INVESTIGATION OF UNSATURATED FLOW PATTERNS IN FRACTURED ROCK
USING AN INTEGRATED MODELING APPROACH

Yu-Shu Wu, Guoping Lu, Keni Zhang, and Lehua Pan
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Figure 1. Simulated percolation fluxes at the repository horizon,
using the present-day, mean infiltration scenario, base-case model
results.
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RESEARCH OBJECTIVES
The objectives of this project are to: (1) develop a quantita-

tive model of coupled thermal, hydrological, and chemical
(THC) processes potentially leading to brine formation on top
of waste packages and/or a drip shield and (2) dynamically
integrate such a model into the larger-scale models of process-
es within and around waste emplacement tunnels, as well as
into the smaller-scale waste-package corrosion models.

APPROACH
P rocess models were implemented into TOUGHREACT to

allow modeling of (1) evaporative concentration to very high
ionic strength, (2) boiling point elevation due to
dissolved salts, (3) boiling/evaporation to dry-
ness, and (4) salt deliquescence. An integrated

n e a r-field/in-drift THC simulation was run using a vertical 2-D
grid extending from near the ground surface to the gro u n d w a t e r
table, and covering a width equal to half the design drift spacing
of 81 m. The integrated model was then used to simulate a dis-
c rete dripping event within the drift. The model considered the
release of radionuclides into seepage water as this water contacts
the waste package and flows through the invert. The pre c i p i t a-
tion of uranophane and Np-uranophane was also considere d .
These minerals form in the invert from the neutralization of mild-
ly acidic seepage water by clay minerals.  

ACCOMPLISHMENTS 
The main findings from this modeling effort are as follows:

(1) the near-field and in-drift brine chemical evolution is dom-
inated by the precipitation of NaCl, CaSO4, and CaCO3; (2) the
generation of acid gases at high evaporative concentration
yields PHCl ~10-7 bar at boiling temperatures, with pH staying
>5 in condensation areas; (3) the clay minerals in the invert
neutralize the pH of seepage water, although this result is sen-
sitive to assumptions regarding the kinetics of reactions with
clays; (4) the drift invert may act as a pH buffer that promotes
the precipitation of uranophane and impedes further down-
ward migration of radionuclides at elevated concentrations
(Figure 1). However, the pH buffer effect is subject to the con-
tent and composition of the clay minerals in the invert.

SIGNIFICANCE OF FINDINGS
The model captures some of the processes involved in salt

formation and radionuclide transport, and can be further
applied to capturing the details of radionuclide transport
between the waste form and the rock through the invert. 

RELATED PUBLICATIONS
Zhang, G., N. Spycher, E. Sonnenthal, and C. Steefel,

Implementation of a Pitzer activity model into TO U G H R E-
ACT for modeling concentrated solutions. Pro c e e d i n g s ,
TOUGH2 Symposium, Lawrence Berkeley National
L a b o r a t o r y, Berkeley, CA, May 15–17, 2006.

Zhang, G., N. Spycher, T. Xu, E. Sonnenthal, and C. Steefel,
Reactive geochemical transport modeling of concentrated
aqueous solutions: Supplement to the TOUCHREACT Users’s
Guide for the Pitzer ion-interaction model. LBNL-62718,
L a w rence Berkeley National Laboratory, Berkeley, CA, 2007.
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COUPLING SEEPAGE AND RADIONUCLIDE FATE/TRANSPORT IN AND AROUND
EMPLACEMENT DRIFTS AT YUCCA MOUNTAIN

Guoxiang Zhang, Nic Spycher, Eric Sonnenthal, and Carl Steefel
Contact: G. Zhang, 510-486-4980, gxzhang@lbl.gov

Figure 1. Simulated distribution of uranophane (mol/ m3 of medi-
um) precipitated after 25 years of continuous dripping (top) and
simulated time evolution of UO2+2 concentration at the base of the
drift with (A) and without (B) consideration of uranophane pre-
cipitation.
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RESEARCH OBJECTIVES
An accurate estimate of infiltration rates is critical for the

performance assessment of geological disposal of the high-
level nuclear wastes at Yucca Mountain. The key components
c o n s i d e red in the current infiltration model for Yu c c a
Mountain include climate information, water transport and
storage in the shallow zone, evapotranspiration, and surface
runon and runoff. As a result of the uncertainty in the input
parameters, 40 different infiltration maps were generated with
the same probability of occurrence. However, the estimated
infiltration maps are subject to some uncertainties due to the
fact that the infiltration model was developed without consid-
eration of subsurface data, such as temperature and chloride
concentration measurements.

APPROACH 

We developed an approach based on the generalized likeli-
hood uncertainty estimate (GLUE) methodology (Beven and
Binley, 1992). The GLUE procedure requires a definition of a
likelihood measure to quantify how well each infiltration map
reproduces the measured data. For each infiltration map, a
process model is used to simulate water percolation, chloride
transport, and heat transfer within the Yucca Mountain unsat-
urated zone. The simulation results are compared to the
observed data to evaluate the likelihood function. A higher
weighting factor is assigned to infiltration maps that more
closely reproduce the data. Because of the inherent subjectivity
in the choice of a likelihood function, the use of GLUE intro-
duces a new type of uncertainty: the epistemic uncertainty in
the analysis. To consider this uncertainty, we extended GLUE
to use multiple likelihood measures and combine the results.
The proposed likelihood functions cover a certain range of dif-
ferent functional types. The final weighting factor is an average
of the weighting factors calculated from all the selected likeli-
hood functions. 

ACCOMPLISHMENTS 
An effort was made in this study to handle the uncertainties

in defining the likelihood function in the GLUE pro c e d u re .
S p e c i f i c a l l y, four likelihood measures, each having a diff e re n t
evaluation focus and addressing a diff e rent aspect of model
b e h a v i o r, were chosen to assign weighting factors for the selected
infiltration maps. Although the results from these likelihood
functions varied, they consistently assign higher weights to the
same infiltration maps. The final averaged weighting factors and
their uncertainties were determined to weigh infiltration scenar-
ios in the probabilistic performance assessment calculation. 

SIGNIFICANCE OF FINDINGS 

Net infiltration is a key hydrologic parameter for control-
ling percolation rate, groundwater recharge, potential seepage
into waste emplacement drifts, and radionuclide transport—
and therefore a key parameter in evaluating repository per-
formance at Yucca Mountain. The GLUE method was devel-
oped to constrain the infiltration-rate uncertainties by using
additional subsurface data collected from the unsaturated
zone. Although the study is done for a specific setting, it pro-
vides a general framework from which to consider different
types of uncertainty in environmental applications.

RELATED PUBLICATIONS

Beven, K., and A. Binley, The future of distributed models:
Model calibration and uncertainty prediction. Hydrological
Processes, 6, 279–298, 1992.

Wu, Y-S., et al., UZ Flow Models and Submodels, MDL-NBS-
HS-000006, REV 03, June 2007.
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EVALUATION OF UNCERTAINTY IN INFILTRATION SCENARIOS
AT YUCCA MOUNTAIN, NEVADA

Yingqi Zhang and Hui-Hai Liu
Contact: Yinqi Zhang, 510-495-2983, yqzhang@lbl.gov

16

Earth Sciences Division
Berkeley Lab

Research Summaries
2006-2007Nuclear Waste Program



3-D—three dimensional

ACRF—Atmospheric Radiation Measurement Climate
Research Facility (U.S. Southern Great Plains)

ADE—advection dispersion equation 

AGU—American Geophysical Union

AHG—anterior hindgut 

ALS—Advanced Light Source (Berkeley Lab)

ANN—artificial neural networks

AOGCM—Atmosphere-Ocean General Circulation Model

APS—Advanced Photon Source (Argonne National
Laboratory)

ARM—Atmospheric and Radiation Measurements Program

ARM-SGP—Atmospheric and Radiation Measure m e n t s
Program, Southern Great Plains (USA)

AVA—amplitude versus angles

BNL—Brookhaven National Laboratory

BTC—breakthrough curve(s)

BUD—Berkeley Unexploded-ordnance Discriminator

BWC—Berkeley Water Center

C2VSIM—California Central Valley Simulation Model

CASSM—continuous-active-source seismic monitoring

CCP—CO2 Capture Project

CCS—carbon dioxide capture and storage 

CDAT—climate data analysis tool

CDE—convection dispersion equation

CDWR—California Department of Water Resources’

CEC—California Energy Commission

CF—certification framework 

CFD—Computational Fluid Dynamics

CLASIC—Cumulus-Land Surface Interaction Campaign

CLM—Community Land Model

CLR—CO2 leakage risk

CO2—carbon dioxide

CSEGR—carbon sequestration with enhanced gas recovery 

CSEM—controlled source electromagnetic

CTRW—continuous-time random-walk

DCE—dichloroethylene

DECOVALEX—DEvelopment of COupled THM models and
their VALidation against Experiments (an international
cooperative project related to nuclear waste disposal)

DIC—dissolved inorganic carbon

DIRB—dissimilatory iron-reducing bacteria

DLS—dynamic light scattering

DoD—U.S. Department of Defense

DOE—U.S. Department of Energy

EC—eddy covariance

ECA—emission credits and atmosphere

EGS—enhanced geothermal systems
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EM—electromagnetic

EPA—U.S. Environmental Protection Agency

ERDAS—Earth Resources Data Analysis System

ERSD—Environmental Remediation Sciences Division 

ERSP—Environmental Remediation Sciences Program 

ERT—electrical resistance tomography

E S T C P — E n v i ronmental Security Technology Certification
Program (DoD)

E S T S C — E n e rgy Science and Technology Software Center
(DOE)

EXAFS—extended x-ray absorption fine stru c t u re spec-
troscopy

FEP—features, events, and processes

FFEC—flowing fluid electric conductivity

FG—foregut 

FGA—functional gene array

FRC—Field Research Center (ERSD-ORNL)

FTIR—Fourier transform infrared

GCS—geologic carbon sequestration; Geologic Carbon
Sequestration Program (ESD)

GCM—general circulation models (climate)

GeoSeq—Geologic Carbon Sequestration Project (long-term
carbon sequestration project led by ESD)

GFDL—Geophysical Fluid Dynamics Laboratory climate
model (NOAA)

GhG—greenhouse gas

GHSZ—gas-hydrate stability zone

GISAXS—grazing incidence small-angle x-ray scattering 

GLUE—generalized likelihood uncertainty estimate

GPR—ground-penetrating radar

GPS—global positioning system

GTL—Genomes to Life (DOE)

HBS—hydrate-bearing sediments

HMR—hydrocarbon and mineral resources

HRCTM—hydrogen release compound (a slow-release poly-
lactate compound)

HSE—health, safety, and environment(al)

IP—induced polarization (bioremediation)

IPCC—Intergovernmental Panel on Climate Change

ITS—internal transcribed spacer

JAEA—Japan Atomic Energy Agency 

JIP—Joint Industry Program

JJAS—June through September (June, July, August, September)

JOI—Joint Oceanographic Institutions, Inc.

LAI—leaf area index

LB—lattice-Boltzmann

LDRD—Laboratory Directed Research and Development
(Berkeley Lab)

MCMC—Markov-chain Monte Carlo

MDA—multiple displacement amplification

METI—Ministry of Economy, Trade, and Industry (Japan)

MG—midgut 

MEQ—micro-earthquake

Earth Sciences Division
Berkeley Lab

Research Summaries
2006-2007

2

Acronyms & Abbreviations



MPI—message passing interface

MSA—multiple sequence alignment

MSU—Montana State University

MTBE—methyl tert-butyl ether

NASA—National Aeronautic and Space Administration

NCAR—National Center for Atmospheric Research

NERSC—National Energy Research Scientific Computing
Center (Berkeley Lab)

NETL—National Energy Technology Laboratory

NCDC—National Climatic Data Center

NCEP—National Center for Environmental Prediction

NEE—net ecosystem exchanges

NOAA—National Oceanic & Atmospheric A d m i n i s t r a t i o n
(U.S.)

NSF—National Science Foundation

NSLS—National Synchrotron Light Source (BNL)

NTA—nitrylotriacetate

NUMO—Nuclear Waste Management Organization of Japan

OA—oriented attachment

OC—organic carbon

OCRWM—Office of Civilian Radioactive Waste Management
(DOE)

ODP—Ocean Drilling Program (NSF)

ORNL—Oak Ridge National Laboratory

PA—performance assessment

PCAP—Protein Complex Analysis Project 

PCE—perchloroethylene

PCM—Parallel Climate Model

PCR—polymerase chain reaction

PDF (pdf)— probability density function

PHG—posterior hindgut (PHG)

PI—principal investigator

P-E—precipitation-effectiveness

PIER—Public Interest Energy Research

PM—particulate matter

PNNP—Pacific Northwest National Laboratory

PSO—particle swarm optimization

QM—quantum mechanical

REU—Research Experiences for Undergraduates

RCMs—regional climate models

RSM—Regional Spectral Model (NOAA)

RUC—rapid update cyle

SAO—Santa Ana Occurrence

SAXS—small-angle x-ray scattering 

SC—site-characterization

SCCM—Single Column Climate Model (NCAR)

SCUC—shaped-core uniaxial compression

SEG— Society of Exploration Geophysicists
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SERDP—Strategic Environmental Research and Development
Program

SJR— San Joaquin River

SP—self-potential (bioremediation)

SRES—Special Report on Emission Scenarios (IPCC)

SSRL—Stanford Synchrotron Radiation Laboratory

SST—sea surface temperature

STD—soil thermal diffusion

STXM—scanning transmission x-ray microscopy

SWE—snow water equivalent

SZ—saturated zone

TAN—Test Area North (Idaho National Laboratory)

TCE—trichloroethylene

TEP—triethyl phosphate

TH—thermal-hydrological

THC—thermal-hydrological-chemical

THM—thermal-hydrological-mechanical

THMC—thermal-hydrological-mechanical-chemical

TOUGH—Transport of Unsaturated Groundwater and Heat
(ESD computer code)

T S PA — Total System Performance Assessment (Yu c c a
Mountain Project)

UCSC—University of California at Santa Cruz

UCSD—University of California at San Diego

UIC—Underground Injection Control program

UMTRA—Uranium Mill Tailings Remedial Action

USDW—underground sources of drinking water

UXO—unexploded ordnance

UZ—unsaturated zone

VIMSS—Virtual Institute for Microbial Stress and Survival 

VSP—vertical seismic profiling

WAXS—wide angle x-ray scattering

W E S T C A R B — West Coast Regional Carbon Sequestration
Partnership

WRF—Weather Research and Forecasting Model

ZERT—Zero Emissions Research and Technology Program
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U.S.A., October 17–19, 2007.

Lewicki, J.L., J. Birkholzer, and C.-F. Tsang, Natural and indus-
trial analogues for leakage of CO2 from storage reservoirs:
Identification of features, events, and processes and lessons
learned. LBNL-59784. Environmental Geology, 52 (3),
457–467, doi: 10.1007/s00254-006-0479-7, 2007.

Lewicki, J.L., G.E. Hilley, T. Tosha, R. Aoyagi, H. Yamamoto,
and S.M. Benson, Dynamic coupling of volcanic CO2 flow
and wind at the Horseshoe Lake tree kill, Mammoth
Mountain, CA. LBNL-62375. Geophysical Research Letters,
34, L03401, doi:10.1029/2006GL028848, 2007.

Lewicki, J. L., C. M. Oldenburg, L. Dobeck, and L. Spangler,
Surface CO2 leakage during two shallow subsurface CO2
releases. LBNL-63528. Geophysical Research Letters, 34,
L24402, doi:101029/2007GL032047, 2007.

Lewicki, J. L., M.L. Fischer, and G.E. Hilley, Six-week time
series of eddy covariance CO2 flux at Mammoth Mountain,
California: performance evaluation and role of meteorolog-
ical forcing. LBNL-181E. Journal of Volcanology and
Geothermal Research (in press), 2007.

Lewicki, J.L., G.E. Hilley, and C.M. Oldenburg, An improved
strategy to detect CO2 leakage for verification of geologic
carbon sequestration. LBNL-58885. 8th International
C o n f e rence on Greenhouse Gas Control Te c h n o l o g i e s ,
Trondheim, Norway, 2006.

Li, L., C.A. Peters, and M.A. Celia, Effects of mineral spatial
distributions on their reaction rates in porous media.
LBNL-61974. Water Resources Research, 43 (W01419), doi:
10.1029/2005WR004848, 2007.

Li, L., C.A. Peters, and M.A. Celia, Reply to “Comments on upscal-
ing geochemical reaction rates using pore-scale network mod-
eling” by Peter C. Lichtner and Qinjun Kang. LBNL-61973.
Advances in Water Resources, 43 (3), 691–695, 2007.

Earth Sciences Division
Berkeley Lab

Research Summaries
2006-2007

9



Li, L., C.A. Peters, and M.A. Celia, Upscaling geochemical reac-
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for quick assessment of CO2 storage capacity in closed and
semi-closed saline aquifers. LBNL-63820. International
Journal of Greenhouse Gas Control (in press), 2007.

Zhou, Q., H.-H. Liu, F. J. Molz, Y. Zhang, and G. S. Bodvarsson,
Field-scale effective matrix diffusion coefficient for frac-
tured rock: Results from literature survey. LBNL-57368.
Journal of Contaminant Hydrology, 93, 161–187, 2007.

Zhou, Q., H.-H. Liu, G. Bodvarsson, and F.J. Molz, Evidence of
multi-process matrix diffusion in a single fracture from a
field tracer test. LBNL-58198. Transport in Porous Media, 63
(3), 473-487, 2006.

Zhou, Q., R. Salve, H. H. Liu, J. S. Wang, and D. Hudson,
Analysis of a meso-scale infiltration and water seepage test
in unsaturated fractured rock: Spatial variabilities and dis-
c rete fracture patterns. LBNL-55489. Journal of
Contaminant Hydrology, 87, 96–122, 2006.
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EA RT H SC I E N C E S DI V I S I O N STA F F 2 0 0 6 – 2 0 0 7

SCIENTISTS / ENGINEERS

DIVISION DIRECTORS

ECOLOGY

Andersen, Gary
Beller, Harry R.
Brodie, Eoin L.
Hazen, Terry C. *
Holman, Hoi-Ying
Hunter-Cevera, Jennie C.
Jansson, Janet R.
Peters, Charlotte G.
Quinn, Nigel
Trevelyan, William
Sapra, Rajat
Stolyar, Sergey
Stringfellow, William T.
Zuniga, Efrain

GEOCHEMISTRY

Apps, John A.
Carroll, Susan A.
Christensen, John Neil
Conrad, Mark S. *
Dixit, Suvasis
Dobson, Patrick F.
Finnin, Lawrence
Gilbert, Benjamin
Kennedy, Burton M.
Knauss, Kevin
Lu, Guoping
Nico, Peter S.
Nishiizumi, Kunihiko
Perry, Dale L.
Sonnenthal, Eric
Spycher, Nicolas
Steefel, Carl I.
Waychunas, Glenn A.
Yang, Andrew
Zhang, Guoxiang

GEOPHYSICS
Ajo-Franklin, Jonathan B.
Alumbaugh, David L.
Berryman, James G. *
Budnitz, Robert Jay
Carazzone, James J.
Chen, Jinsong
Clymer, Richard
Commer, Michael
Gasperikova, Erika
Goldman, Mark
Gritto, Roland
Henshaw, Paul C.
Hill, Ross
Hoversten, Gary M.
Hubbard, Susan S. **
Hutchings, Lawrence John
Korneev, Valeri A.
Lee, Ki H.
Lindwall, Dennis A.
Lo, Wei-Cheng
Majer, Ernest L. **
Mazzella, Aldo T.
Myer, Larry R. **
Nadeau, Robert
Nakagawa, Seiji
Newman, Gregory A.
Nihei, Kurt T.
Pride, Steven R.
Schoenberg, Michael A.
Smith, Jeremy T.
Swift, Charles Jr.
Tseng, Hung-Wen
Vasco, Donald W.

Special Note: This list is a snapshot of ESD’s staffing for the 2006 and 2007 years.
Staffing list may not accurately reflect the department assignments for “Climate Science” as of the 2007 year.

A more detailed description of Department changes can be found in the “Operations and Facilities Overview” section.

CLIMATE SCIENCE
Collins, William Drew *
Jin, Jiming
Kleber, Markus
Mambelli, Stefania
Maxwell, Reed
Miller, Norman L.
Riley, William J.
Sharif, Hatim O.
Torn, Margaret S. **

* Department Head
** Program Head

Donald J. DePaolo

Gudmundur S. (Bo) Bodvarsson
(2001-2006)

In Memoriam November 11, 1952 – November 29, 2006
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Earth Sciences Division Staff 2006-2007

ECOLOGY

Ackerly, David
Alvarez-Cohen, Lisa
Buchanan, Bob B.
Chiang, John Chun Hong
Coates, John D.
Dreger, Douglas S.
Firestone, Mary
Glaser, Steven
Rhew, Robert
Zhou, Jizhong

GEOCHEMISTRY
Banfield, Jillian
Boering, Kristie A.
DePaolo, Donald J. ***
Ingram, B. Lynn
Kyriakidis, Phaedon C.
Myneni, Satish
Sposito, Garrison

GEOPHYSICS

Becker, Alex
Brimhall, George
Cooper, George A.
Doyle, Fiona M.
Goldstein, Norman E
Hornberger, George M.
Johnson, Lane R.
Morrison, Huntly F.
Rector, James W.
Romanowicz, Barbara A.
Rubin, Yoram
Wenk, Hans R.

CLIMATE SCIENCE
Bishop, James K.
Dietrich, William
Farrell, Alexander E.

(In Memoriam 
January 1, 1962–April 2008)

Fung, Inez

FACULTY

SCIENTISTS / ENGINEERS

HYDROGEOLOGY

Benson, Sally M.
Birkholzer, Jens T. **
Cappa, Frederic
Cortis, Andrea
Doughty, Christine A.
Faybishenko, Boris A.
Finsterle, Stefan A. *
Freifeld, Barry M.
Garcia, Julio
Ghezzehei, Teamrat A.
Javandel, Iraj
Karasaki, Kenzi
Kneafsey, Timothy J.
Kowalsky, Michael
Lewicki, Jennifer L.

Lippmann, Marcelo J.
Liu, Hui-Hai
Moridis, George J.
Oldenburg, Curtis M. **
Pruess, Karsten
Reagan, Matthew T.
Rebscher, Dorothee
Rutqvist, Jonny
Salve, Rohit
Seol, Yongkoo
Shan, Chao
Shvidler, Mark I.
Silin, Dmitriy
Su, Grace W.

Tokunaga, Tetsu K.
Truesdell, Alfred
Tsang, Chin-Fu
Tsang, Yvonne T. **
Wan, Jiamin
Wang, Joseph S.
Wang, Yuan
Wu, Yu-Shu
Xu, Tianfu
Zhang, Keni
Zhang, Yingqi
Zhou, Quanlin
Zimmerman, Robert W.

* Department Head
** Program Head

HYDROGEOLOGY

Manga, Michael
Narasimhan, T. N.
Patzek, Tadeusz W.
Radke, Clayton J.
Witherspoon, Paul A.

*** Division Director
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GEOPHYSICS

Englert, Andreas Ludwig
Moore, Jeffrey

HYDROGEOLOGY

Alessandro, Uccelli
He, Yongtian
Zheng, Liange

ECOLOGY

Bernard, Stephanie M.
Chakraborty, Romy
Weber, Karrie A.
Woods, Kristina N.
Wozei, Eleanor
Wu, Cindy H.

GEOCHEMISTRY

Bourg, Ian C.
Cervini-Silva, Javiera
Duckworth, Owen W.
Dunphy-Guzman, Katherine
Gu, Chuanhui
Jourdan, Frederic
Jun, Young-Shin
Katz, Jordan E.
Kwon, Kideok
Li, Li
Ostroverkhov, Victor
Shaw, Stephanie
Simon, Justin I.
Singleton, Michael J.
Spagnoli, Dino D.
Thompson, Aaron
Wilkins, Michael J.
Yang, Li

POSTDOCTORAL FELLOWS

CLIMATE SCIENCE

Berhe, Asmeret A.
Bird, Jeffrey
Gaudinski, Julia B.
Lam, Phoebe J.
Maggi, Federico
Swanston, Christopher
Von Kiparski, Guntram R.

CLIMATE SCIENCE

Biraud, Sebastien
Castanha, Cristina
Cooley, Heather S.
Nguyen, Mai T.
Weintraub, Samantha R.
Wood, Todd J.

GEOCHEMISTRY

Boyle, Katie
Brown, Shaun Tyler
Cox, Dale
Davis, Simon
Kormi, Albert
Larsen, Joern T.
Mendieta, Renata N.
Owens, Thomas L.
van Soest, Matthijs C.
Woods, Katharine N.

GEOPHYSICS

Clyde, John Richard
Daley, Thomas M.
Friday, John
Haught, John R.
Lippert, Donald R.
Morales, Alejandro
Peterson, John E.
Solbau, Ray D.
Tomutsa, Liviu
Williams, Kenneth H.

ECOLOGY

Alusi, Thana
Borglin, Sharon E.
Burns, Josephine R.
Camp, Lauren E.
DeSantis, Todd
Engelage, Samantha K.
Fortney, Julian
Geller, Jil T.
Goldfarb, Katherine Coperine
Hanlon, Jeremy
Hansen, Drew J.
Herman, Donald J.
Hu, Ping
Hulls, John R.
Hutchison, Kathleen A.
Joyner, Dominique C.
Kain, Schuyler
Osman, Shariff R.
Phan, Richard
Piceno, Yvette M.
Rogers, Brendan M.
Singer, Mary E.

SCIENTIFIC ENGINEERING ASSOCIATES, RESEARCH ASSOCIATES/TECHNICIANS,
TECHNICAL MANAGERS, AND SPECIALISTS

HYDROGEOLOGY

Arias, Jose G.
Beyer, John Henry
Cook, Paul J.
Frye, George A.
Gonzalez Jr., Emilio
Houseworth, James E.
Jordan, Preston D.
Kim, Yongman
Mukhopadhyay, Sumit
Pan, Lehua
Trautz, Robert C.
Wang, Duo
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Earth Sciences Division Staff 2006-2007

HYDROGEOLOGY

Arias, Jose G.
Benito, Pascual H.
Cha, Minsu
Grover, Tarun
Gwatney, Hope
Halecky, Nicholaus
Holtzman, Ran
Jin, Guodong
Kuhlmann, Sonja
Lehikoinen, Anssi T.
Miljkovic, Ljubinko
Shen, David
Walsh, Matthew R.
Xu, SuyingGEOCHEMISTRY

Aciego, Sarah
Aradottir, Edda S.P.
Goodell, Carmen M.
Hoag, Katherine J.
Lee, Patrick
Lee, Victoria E.
Legg, Benjamin A.
Mahendra, Shaily
Pena, Jasquelin
Peterson, Brook T.
Ryan, Cristina S.
Teh, Yit Arn
Topp, Erik K.
Weaver, Karrie L.

GEOPHYSICS

Anderson, Heidi L.
Dai, Bo
Hou, Zhangshuan
Kappler, Karl
McLaskey, Gregory C.
Masson, Yder Jean

ECOLOGY

Ball, Gregory Ian
Belnap, Chris
Bilir, Teresa E.
Bister, John M.
Bradbury, Damon C.
Chan, Lydia Suet Fan
Chiang, Catherine H.
Chou, Joyce
Crago, Melissa
Daly, Rebecca
Downey, Michael A.
Dubinsky, Eric A.
Esmaili, Laleh
Granadosin, Arlene P.
Hillson, Nathan J.
Huckelbridge, Katherine H.
Hunt, Richard N.
Johnson, David R.
Kam, Winnie
Kapoor, Trishul
Karpuzcu, Ekrem
Katsuura, Yoshihiro
Kim, Eun Hye
Lam, Siu Pan
Leung, Chin Man
Long, Darcie H.
Lundquist, Tryg
Ma, Byron
Maas, Talia M.
Mattson, Jolene K.
Merkel, Jesse
Moshier, Emily
Nguyen, Nhu
Nuccio, Erin E.
Placella, Sarah
Rogers, Mathew
Shapland, Elaine
Shelby, Megan
Shetty, Amala
Simmons, Sheri L.
Sokolovskaya, Natalya
Sun, Christine L.
Wong, Tiffany G.
Wrighton, Kelly C.

POST-BACCALAUREATE FELLOWS, STUDENT AND
GRADUATE STUDENT RESEARCH ASSISTANTS

CLIMATE SCIENCE

Allen, Lucy H.
Barker, Marc A.
Currey, Jovauna
Cusack, Daniela F.
Harrison, Julie
Hopkins, Francesca M.
Huang, April Y.
Huppert, Laura A.
Keck, Daniel C.
Koteen, Laurie E.
Madrigal, Oriana
Marin-Spiotta, Erika
Ong, Sufey
Parvizian, Zoha A.
Pecot, Katrina J.
Picetti, Michael A.
Porras, Rachel C.
Rohilla, Aditya K.
Schlegel, Nicole-jeanne
Tang-Smith, Eliot
West, Kimberlee
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TECHNICAL, ADMINISTRATIVE, AND MANAGEMENT STAFF

Atkinson, Maria Fink
Avina, Kryshna
Butson, Marie Louise
Chappell, Darren
Denn, Walter
Espinoza-Ross, Valarie M.
Fissekidou, Vassiliki A
Harris, Stephen D.
Hawkes, Daniel S.
Jackson, June D.

Kelly, Lisa M.
Kooyman, Yingying (Nieves) T.
Kramer, Bridget
Lau, Peter K.
McClung, Ivelina A.
Miller, Grace
Nodora, Donald N.
Pollard, Theresa A.
Prieto (Strohmeier), Helen G.
Rasar, Janis E.

Saarni, Marilyn E.
Seybold, Sherry A.
Swantek, Diana M.
Taylor, Bryan E.
Templer, Jason
Valladao, Carol A.
Villavert, Maryann
Wong, Johnny
Wright, Sam A.



30
Years

Earth Sciences Division

CELEBRATING 30 YEARS…

July 21, 2007 marked the commencement of the Earth Sciences Division 30 years ago.

On July 20, 2007, the Division marked the occasion
with a casual gathering with cake and story telling.

Happy Anniversary!

 ESD - creation memo - Sessler 
21 July 1977
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PHOTO CAPTIONS AND CREDITS FOR ESD RESEARCH SUMMARIES 2006–2007 
FRONT COVER

(Top)  Climate model simulation of sunlight reflected by aerosols for 2001 (courtesy of David Fillmore and Bill Collins)
(Lower Left)  U-tube apparatus, Frio Brine pilot project, TX
(Lower Right)  Tunnel boring machine for Yucca Mountain Project, Yucca Mountain, NV

BACK COVER
(Top)  Three-dimensional resistivity image derived from Coso (CA) Geothermal Field from magnetotelluric data sets 

(courtesy of Greg Newman)
(Lower Left)  The Berkeley Unexploded Ordnance Detector (BUD) and its developers—winner of a 2007 R&D 100 Award
(Lower Right)  Simulation of Yucca Mountain experiment using 3-D unsaturated flow code (courtesy of Stefan Finsterle)

DIVISION DIRECTOR’S PERSPECTIVE
(page 1) Earth Sciences Division, Building 90, LBNL (aerial view)
(page 3) Earth Sciences Division Council
(page 4) Geosciences Measurement Facility (GMF).

RESOURCE DEPARTMENTS
(page 7 ) John Peterson collecting surface electromagnetic data at the uranium-contaminated Rifle, CO, field study site, 

to delineate subsurface heterogeneity

Hydrogeology
(page 8 ) Barry Freifeld and Tom Daley at the Otway Basin Pilot Project, Victoria, Australia

Geophysics
(page 10) Seismic vibroseis source truck at borehole geophysical project site in West Texas. Field personnel (left to right): 

Dale Cox (Berkeley Lab), Ernie Majer (Berkeley Lab), Cecil Hoffpauir (Univ. of Texas), Tom Daley (Berkeley 
Lab), John Queen (Hi-Q Geophysics). Not pictured: Alex Morales (LBNL)

Geochemistry
(page 12 ) Tom Owen in the Center for Isotope Geochemistry

Ecology
(page14) Terry Hazen (left) and Gary Andersen, ESD microbiologists, with the Berkeley Lab PhyloChip, a microarray 

that can analyze a sample for the unique DNA signatures of all known bacterial species. The PhyloChip won a 
2008 R&D 100 Award. 

Climate Sciences
(page 16) The Carbon Explorer transmitting data from the Southern Ocean. The Carbon Explorer, a “smart” telemetry-

enhanced ocean float with advanced optical sensors for characterizing carbon in the ocean, won a 2006 R&D 
100 Award.
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RESEARCH PROGRAMS

(page 18) Oil drilling program to deploy an x-ray diffraction apparatus 

Fundamental and Exploratory Research
(page 19) Computer simulation of isotopic fractionation during aqueous diffusion (courtesy of Ian Bourg)

Photography by Barry Freifeld

Energy Resources
(page 34) Emplacement of geophones in microwells for monitoring enhanced oil recovery with CO2

Environmental Remediation and Water Resources
(page 50) Installation of shallow electrode holes by ESD’s Kenneth H. Williams and Phillip Rizzo at DOE's Rifle 

Integrated Field Challenge (IFC) site near Rifle, Colorado. Nonpolarizing electrodes are embedded in each hole 
and used for induced polarization monitoring of stimulated subsurface bioremediation activities under 
investigation at the Rifle IFC site.

Climate and Carbon Sciences
(page 81) Pat Dowell (ARM technician) collecting a pair of flask for trace gas analysis (including: CO2, CO, CH4, N2O,

13CO2, CO18O, carbonyl sulfide, and many trace hydrocarbon species) at the Atmospheric Radiation 
Measurement (ARM) Climate Research Facility (ACRF) in the Southern Great Plains. Note the DOE aircraft in 
the upper left corner, flying vertical profile over the site.

Geologic Carbon Sequestration
(page 96) As part of an Australia-U.S. collaboration under the GeoSeq project, ESD researchers designed, built, and 

deployed the downhole monitoring and fluid sampling assembly shown here being installed by crane into the 
Otway Basin Pilot Project observation well in Victoria, Australia.

Nuclear Waste
(page 116) Gudmundur (“Bo”) Bodvarsson (1952–2006):

Leader, mentor, and guiding force for ESD and its Nuclear Waste Program
“Bo lived his life 48 hours a day”

—Odette Lockwoord-Stewart, Pastor of the Epworth Methodist Church, Berkeley, California
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